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INFLUENCE OF POSTURAL CHANGES ON AMMONIA 
EXCRETION BY THE KIDNEY IN AMMONIUM 
CHLORIDE LOADING 


A. C. Taguint, J. D. Fermoso, P. ARAMENDIiA, I. DE LA Riva, 
B. N. BADANO and M. F. VILLAMIL 


(Centro de Investigaciones Cardioldégicas, Azcuénaga 985, Buenos Aires) 


vr has been repeatedly demonstrated that changing from recumbency to the 
standing position determines a sharp decrease in the renal excretion of water, 
sodium, potassium and chloride (!-!!). However, data concerning ammonia 
excretion under these conditions are scarce and contradictory. Judging from a 
few isolated data from Godyer and Seldin (*) it would appear that there is 
a tendency for ammonia excretion to slightly fall upon standing. Nevertheless, 
according to White et al. (1) it may either increase or decrease, while Thomas (!*) 
reported small increments after prolonged standing. As very little ammonia 
was excreted in these experiments it was thought advisable to make changes 
more clearcut in our observations by increasing ammonia production through 
previous administration of ammonium chloride. Furthermore an opportunity 
was thus afforded to study factors capable of influencing ammonia excretion 
in fixed acidosis during periods in which no significant changes in acid-balance 
were registered. 
Ammonia excretion decreased in all subjects when they were changed from 
the recumbent to the semivertical, standing or sitting position. Excretion of 
titratable acid and phosphates also decreased. 


MATERIAL AND METHODS 


Twelve adults, nine males and three females, aged 20 to 52 with no evidence 
of previous renal disease were selected and divided for study purposes in four 
groups of three subjects each. Case 4 had and interatrial septal defect without 
cardiac failure. 

Subjects of group | received 10 gm of ammonium chloride (*) on the two 
days previous to the experiments and 1. gm on the same day upon arising in 

(*) Ammonium chloride enteric coated tablets were kindly supplied by Parke Davis, 
Argentina. 

Received for publication, October 15th, 1959. 
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the morning. They were made to lie on a tilting table as soon as they arrived 
to the laboratory and the bladder was emptied through an indwelling catheter 
whereupon zero time was recorded. The postural change in this group consisted 
in tilting the table to a 60° angle from the horizontal. 

Conditions of study were the same for group 2 except that the subjects 
drank 1000 ml of tap water before starting the experiment. 

Groups 3 and 4 differed from groups | and 2 in the following: 

1) A two hour period of stabilization in the recumbent position was instituted 
prior to the beginning of the experiment. 

2) During the previous four days the subjects received 10 gm of ammonium 
chloride and 2 gm on the same day, | gm upon arising in the morning and 
1 gm before lying down. From the assumption of recumbency till the end of 
the experiment they drank, at twenty minutes intervals, 0.1 ml/Kg of body 
weight/minute, of a 1.4% sodium chloride solution, 

3) In group 3 standing up was substituted for tilting. 

4) In group 4 sitting up was used as postural change. 

Experiments of groups 1 and 2 were devised to promote maximal changes 
in glomerular filtration rate. In fact, it has already been demonstrated that 
assumption of the supine position is attended by diuresis and increase of 
creatinine clearance (*: 1%). On the other hand, tilting is known to produce 
a greater fall in glomerular filtration rate (judged by inulin clearance) than 
standing or sitting (+). 

The purpose of water administration to subjects of group 2 was to provoke 
water diuresis simultaneously with the tilting procedure. It was thus expected 
to dissociate the effects of changes of water and salt excretion. 

In experiments of groups 3 and 4 it was attempted to reduce to a minimum 
the changes in glomerular filtration rate by establishing a previous period of 
stabilization and by substituting standing or sitting for tilting. As presumably, 
changes in ammonia excretion in these experiments would be of lesser magnitude, 
it was considered advisable to make them more clearcut by increasing ammonia 
production. This was attained by prolonging the period of ammonium chloride 
administration to four days for it is known that ammonia production reaches 
the maximum about the fifth day (!4). Moreover, as these experiments were 
much longer because of previous stabilization, 2 gm of ammonium chloride 
were given on the same day and a hypotonic saline solution was administered 
throughout the experiment to avoid excessive water and salt deficits. 

Five to six periods were established, ranging in duration from twenty to 
thirty minutes. Following two or three periods in recumbency, the subjects were 
changed to the semivertical, standing or sitting position for two additional 
periods. Except in case 2, the experiments were ended by two periods in the 
supine position. At the end of each period urine was collected under toluol or 
vaseline, After each postural change blood samples were drawn under anaerobic 
conditions from the brachial artery (groups 1 and 2) or an antecubital vein 
(groups 3 and 4) through and indwelling needle. 

Blood pH was measured at 37° and urine pH at room temperature by 
means of a Cambridge pH meter. Sodium and potassium were determined with 
a DU Beckman flame photometer, after precipitating plasma proteins by a 
trichloroacetic-iso-propilic mixture (!5). Chloride was determined by Scribner’s 
modification (!°) of Shales’s mercury titration method. Ammonia was determined 
by aereation (!7), titratable acidity by the Henderson and Palmer method (1%) 
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and phosphorus by the Fiske method (!%). CO, content of whole blood was 
measured manometrically. From these data, arterial pH and oxygen capacity, 
pCOy,, plasma carbonic acid and bicarbonate concentration were calculated (2°). 
Creatinine chromogen was determined by the Taussky technique, modified 
by Brod and Sirota (?'). Clearance of creatinine chromogen was used as an 
approximation to glomerular filtration rate. 


RESULTS 


Results are shown in tables I to V. 

During the initial periods in recumbency high values of creatinine clearance 
were recorded in case 3 of group 1 (table I), in cases 4 and 5 of group 2 (table II) 
and in case 8 of group 3 (table III). Change to the semivertical, standing or 
sitting position was attended in all subjects by fall in creatinine clearance 
and decrease in sodium, chloride, potassium, inorganic phosphates, titratable 
acid and ammonia excretion (fig. 1 and 2). These effects persisted and were 
often intensified during the first subsequent period in recumbency, partially or 
wholly receding during the second one. The previous ingestion of 1000 cc of 
water partially or wholly prevented postural oliguria without affecting the fall 
in creatinine clearance or the decline in electrolyte or ammonia excretion. 

Fall in creatinine clearance ranged from 27.6 to 92.9%. Maximal fall (to 
15 cc per minute) occurred in case 3 and was attended by dizziness, fainting, 
nausea and circulatory collapse. Chloride excretion decreased from 29.4 to 91.4 %, 
sodium from 39.2 to 91.6%, potassium from 31.9 to 71 %, titratable acid from 
27.6 to 83.8%, ammonia from 17 to 90.1 % and inorganic phosphates from 38.5 
to 89.8 9, (table 5). Maximal percent fall in creatinine clearance and electrolyte 
excretion, except phosphates, were found in groups 1 and 2 and minimal in 
groups 3 and 4. Nevertheless, the number of subjects in each group was too 
small and the scattering of data too great for statistical evaluation. 

Though ammonia excretion fell together with sodium and chloride excretion 
and with creatinine clearance, there was no close parallelism between the changes 
of these functions. Thus, ammonia excretion increased while sodium and chloride 
decreased in the fifth period of cases 1 and 8, in the fourth period of cases 2 
and 6 and in the third period of case 10. Conversely, ammonia excretion 
decreased while sodium and chloride increased in the second period of case 11. 
Similarly, ammonia excretion increased while creatinine clearance decreased in 
the second period of cases 9 and 12, in the third period of cases 4 and 10, 
in the fourth period of case 6 and in the fifth period of case 4. Conversely, 
ammonia excretion decreased while creatinine clearance increased during the 
second period of case 6. 

Urinary pH ranged from 4.67 to 6.10, small and unpredictable changes 
occurring during the experiments. 

In all subjects, a mild to moderate hyperchloremic acidosis was found 
which did not change significantly during the experiments. 


DISCUSSION 


The fall in ammonia excretion in chloride loading experiments was unrelated 
to changes in blood pH, plasma electrolyte concentration or diuresis and, most 
probably, depended on the pattern of electrolyte excretion. In these experiments, 
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Fic. 1.— Postural effects in ammonium chioride loading. Fail in creatinine clearance and elec- 
trolyte excretion. 
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Fic. 2.— Changes in ammonia excretion during postural changes. 
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change from recumbency to the semivertical, standing or sitting position was 
followed by fall in creatinine clearance, implying decrease in the filtered sodium 
and chloride load. Moreover, under the stimulus of postural changes sodium 
reabsorption becomes more complete and, according to Surtshin and White (!%), 
it takes place mostly in the proximal segments. Chloride, being a reabsorbable 
anion, most probably passively followed sodium in its proximal reabsorption. 
As a consequence of the decrease in filtered load and relative increase in 
proximal reabsorption, less sodium was available to the distal tubules for inter- 
change with ammonia and less chloride remained in the distal tubules as 
ammonia acceptor. 

Schwartz et al. (22) and Epstein et al. (?*) have independently demons- 
trated the possibility of influencing ammonia excretion without changing the 
acid base balance. Schwartz et al. showed that intravenous infusion of sodium 
sulphate in salt depleted or DCA treated subjects increased ammonia and 
titrable acidity of urine. Likewise, Epstein et al. reported increased urinary 
excretion of potassium and ammonia in subjects under intravenous sodium 
sulphate loading when they were changed from the recumbent to the standing 
position. The authors ascribed these findings to the presence in the tubular 
lumen of unreabsorbed sulphate coupled to a strong stimulus for sodium 
reabsorption. This stimulus was represented by sodium deficit of DCA in 
Schwartz’s experiments and postural changes in Epstein’s experiments. 

The opposite pattern of ammonia excretion elicited by postural changes 
in sulphate loading experiments, compared to chloride loading experiments, 
can be explained on the basis of different availability of strong anions and 
sodium to the distal tubules. For unknown reasons, in sulphate loading 
experiments, creatinine clearance did not fall upon standing as it did in chloride 
loading experiments. Moreover, sulphate being a poorly reabsorbed anion, 
opposes to sodium proximal tubular reabsorption. As a consequence of unchan- 
ged filtered load and decreased proximal reabsorption, a considerable amount 
of sodium reached the distal segments to be reabsorbed in exchange for ammonia 
under the stimulus of postural changes, while sulphate remained in the distal 
tubular lumen as ammonia acceptor. 

On the other hand, in the more prolonged studies by Thomas (!*) in which 
ammonia excretion was observed to slightly increase upon standing, the glo- 
merular filtration rate, evaluated from endogenous creatinine clearance, after a 
small and transitory fall, returned to previous levels. It would then appear 
that the greater fall in glomerular filtration rate in our shorter studies is the 
chief factor determining the decrease in ammonia excretion during the erect 
position, and the increase in proximal tubular reabsorption was apparently 
unable per se to counteract the effect of increased distal reabsorption. 

In other words, it seems as if postural changes influence ammonia excretion 
through the interaction of two opposed mechanisms: 1) Decreased distal sodium 
and chloride load secondary to fall in glomerular filtration rate and relative 
increase in proximal tubular reabsorption, inhibiting ammonia excretion; 
2) stimulation of distal sodium reabsorption favoring ammonia excretion. In 
our experiments decrease in distal load predominated over stimulation of distal 
reabsorption, the ultimate result being a fall in ammonia excretion. Sodium 
sulphate would “unmask” (Epstein) stimulation of distal sodium reabsorption 
by preventing decrease in distal load. The same effect would be seen after 
prolonged standing. 
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TABLE V 


Percent fall in electrolyte excretion and creatinine clearance (*) 


Group | Case | Tit.a. | NH, | K | Na | a Pk ty 
l 68.3 78.3 658 | 814 “4 | — 67.3 
1 2 42.9 41.9 656 | 891 | 78 | 385 | 405 
4 | 642 74.4 65.6 843 | 648 | 898 | 797 
2 5 73.7 534 | 629 | 618 | 648 | 763 66.4 
6 77.3 44 532 | 681 | Gl | 826 47.9 
7 37.5 608 | 412 | 769 63.5 — | 45.2 
3 8 43.6 199 | 319 67 | 559 «| «(442 37.4 
9 58.3 47 | 52.6 55.5 
10 27.6 17 | 46.5 392 | 294 573 | 33 
4 11 =| 3826 364 | 42.7 | 436 39.3 60.7 27.6 
| 42 


12 71.6 46 | 641 | 686 63.2 


| 
| 


(*) Figures are calculated form maximal and minimal values. 


In conclusion, ammonia excretion would depend not only on specific stimuli 
like acidosis but also on acid acceptors reaching the distal tubular lumen, on 
availability of sodium to distal tubular cells necessary for exchange reabsorption 
and on stimuli for sodium reabsorption (sodium depletion, postural changes). 
Incidentally, this approach to the problem would also, at least partially, explain 
the increase in ammonia excretion under osmotic (24) or mercurial diuresis (?5) 
for, in both conditions, proximal sodium and chloride reabsorption admitedly 
decreases. 


SUMMARY 


Change from recumbency to the semivertical, standing or sitting position 
was followed in ammonium chloride loaded subjects by fall in creatinine clearan- 
ce as well as in sodium, potassium, chloride, inorganic phosphates, titratable acid 
and ammonia excretion. 

It is postulated that postural changes influence ammonia excretion through 
the interaction of two opposed mechanisms, namely, decrease in distal sodium and 
chloride load and increase in distal sodium reabsorption. The first mechanism 
predominates when there is a moderate to marked fall in the glomerular filtration 
rate and the second one when this does not change or slightly decreases. 
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ON THE INTEGRATION OF RESPIRATORY MOVEMENTS * 


J. Garcia RAMos 


(Laboratorio de Fisiologia, Escuela Médico Militar, 
Mexico D.F., Mexico) 


T HE current concept on the integration of the respiratory movements assumes 
a fundamental automatic activity of some neurons in the reticular formation 
of the medulla oblongata, the so called respiratory center. These cells would be 
distributed into two groups, one of them driving inspiration and the other con- 
trolling, when necessary, the expiratory movements. According to this theory, 
out of the periodic inhibitory influence of the so called pneumotaxic center and 
of some of the vagal afferents upon the inspiratory center, it is postulated the 
existence of direct inhibitory linkages between the inspiratory and the expiratory 
centers which would provide for the inhibition of one group of respiratory mus- 
cles during the contraction of those of the opposite function (Pitts, 1946). This 
reciprocal inhibition has been established by the facts that inspiration alternates 
with expiration; that inspiration is maintained, without interruption by expir- 
atory movements, for all the time of stimulation of the inspiratory center and, 
conversely, that stimulation of the expiratory center leads to a reduction in ins- 
piration (Pitts, Magoun and Ranson, 1939). Since it is generally accepted that 
during eupneic breathing the only active part of respiration is inspiration, the 
question may be raised of how a quiescent expiratory center exerts an inhibitory 
influence. 

Another point of view has been expressed. It can be formulated in the 
words of Marshall Hall (1863): “The rhythm of respiration results largely, if 
not entirely, from a combination of reflex and supramedullary drives acting on 
a medullary center functioning more as an integrator of inflowing excitation 
than as a generator of spontaneous discharge.” This idea has found new support 
with the increasing body of evidence that considers the mid-brain reticular 


(*) This investigation was sponsored by the “Fundacién para el Fomento de la Investi- 
gacion Cientifica en la Escuela Médico Militar A. C..” 
Received for publication, August 20th, 1959. 
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formation as an important center of integration of afferent information. Most 
recent papers in support of this view are referred to in the excellent review 
of Heemstra (1956). Another approach to the problem are the recent findings of 
afferent nerve fibres which may have a selective influence on either inspiration 
or expiration (Widdicombe, 1954; Paintal, 1955). 

The vast majority of the papers on the subject analyzes the problem mainly 
from the side of inspiratory movements. The present paper deals with some 
aspects of the reflex control of respiration. Here, expiratory activity has been 
studied in some detail, as it was felt that this was necessary in order to have a 
more close understanding of the problem. 


METHODS 


The observations were made mostly on rabbits, although cats and dogs were 
also used without finding important differences. All animals were under pento- 
barbital anesthesia which was never too deep. A three-way tracheal cannula was 
used. On one of its branches a thermocouple (constantan copper) was inserted 
to have an index of ventilation in the electrical records. Another branch was 
used for the application of either positive or negative pressure into the lung, 
as described in a previous paper (Garcia Ramos, 1956). Applied pressures were 
read at a side tubing on the system, at some distance from the cannula. As the 
third branch of the cannula was left open to permit the free movement of air 
into and out of the lung, the pressures read at the manometer do not represent 
the actual intrapulmonary pressure. (On a model made with a surgeon glove 
the pressure inside the glove was less than half that of the mercury manometer 
reading.) 

The muscle fibers of the diaphragm which are inserted on the xiphoideal 
appendix were exposed and small steel forceps suspended by flexible wires were 
used as electrodes for myographic recording. Similar electrodes were used for 
expiratory muscles, sometimes the intercostals, but usually the abdominal muscles 
at the higer portion of the lateral walls. In many cases, the electromyographic 
activity was electrically integrated on a Grass Electromyograph and Integrator, 
and recorded on a Grass Polygraph. The muscle potentials and the thermocouple 
records were taken either on a Schwartzer E. E.G. or on the Grass Polygraph. 
The stimulator employed was a square pulse generator (Grass $4). In open 
chest animals, lung ventilation was maintained by a variable stroke, intermittent 
positive pressure pump. 


RESULTS 


A) Some characteristics of expiratory activity. — In most cases it was possible 
to record electromyographic activity from the expiratory muscles, provided the 
anesthesia was not too deep. Sometimes expiratory discharges appear as small 
groups, in general toward the middle of the expiratory period. In some other 
cases there is a continuous tonic activity whose frequency increases periodically 
either during expiratory movements or during inspiration. Abdominal muscles 
ordinarily give activity of the first type (see the figures). Internal intercostal 
muscles often show the second pattern of activity, not rarely presenting the in- 
crease in frequency of discharges during the inspiratory phase. Intermediate steps 
between these two are also seen. 
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Fic. 1.— Effects of inflation and deflation of the lung on expiratory and inspiratory activities. 
Rabbit, closed chest, dead space slightly increased, 
A,—Inflation of the lung during 10 seconds (3 mm Hg positive pressure). Upper tracing, elec- 
tromyogram of the abdominal muscles. Middle tracing, the same electrical activity integrated. 
Lower tracing, electromyogram of the diaphragm. 


B.— As in A, Greater inflation (5 mm Hg). 


C.— With still greater positive pressure (10 mm Hg). After inflation expiratory activity has 
gradually decreased almost to zero, and persists in reduced form for about 5 minutes. 


D.— Eight minutes after C. Inspiration has returned to control values. Expiration is still reduced. 


E.— Ten minutes after C. Expiratory activity was abolished by deflation of the lung (—5 mm 
Hg). The effect persisted for more than 5 minutes. 


Fic. 2.— Effects of inflation and deflation of the lung. Rabbit, closed chest. Spontaneous expi- 
ration during eupnoea. Electromyogram of the diaphragm, upper record, of the abdominat 
muscles, below. 

A.— Expiratory muscle potentials increase and may occur during inspiration following a short 
period of strong inflation of the lung. Between the arrows a positive pressure of 9 mm Hg was 
applied. 

B.— Gradual reduction of expiratory activity during deflation of the lung (— 2 mm Hg between 
the arrows). Recovery is also gradual. 


The horizontal line at the bottom represents 10 seconds. 


Fic. 3.—Expiratory activity, during and after inflation of the lung, does not follow the same 
temporal course than the inspiratory one. Same records as in figure 2. Rabbit, eupnoeic 
breathing. 
A.— Between the arrows a sligth positive pressure was applied (0.5 mm Hg). The expiratory 
response shows some accommodation and a rebound after inflation. 
B.— The rebound appears clearly after a greater inflation (3 mm Hg). 
C. — Depression of the response to inflation after a strong inspiratory movement of the animal. 
D.—A stronger inflation of the lung (between the arrows a positive pressure of 5 mm Hg was 
applied) may give an after reduction of expiratory activity. During this period expiratory move- 
ments may become uncoérdinated with inspirations. 
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Fic. 4.—Some characteristics of expiratory activity. Rabbit. Integrated electrical activity of the 
abdominal muscles (upper tracings). The lower records are from a thermocouple inserted at 
the tracheal cannula. 
A.—At the point in which the thermocouple tracing shows a downward deflection, the dead 
space of the airways increased. At the upward deflection, the lung was inflated with a 
pressure of 5 mm Hg. 
B.—Is a continuation of A. The upward deflection in the lower tracing marks the deflation 
of the lung with a negative pressure (— 5 mm Hg). The depressed expiratory activity follow- 
ing inflation was recovered after deflation. 
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Expiratory electrical activity showed itself very sensitive to the anesthetic 
used. Once it was depressed by an additional dose of pentobarbital, it was difficult 
to make it reappear later. It is also sensitive to carbon dioxide. The threshold 
appears to be higher than that of inspiratory activity, but once it is reached the 
proportion in which it increases, is higher than that observed for inspiration 
(figure 4). Oxygen lack depresses expiratory activity which appears to be more 
sensitive than the inspiratory one. 

B) The afferent regulation of expiratory activity. a) The Hering-Breuer 
reflex. — It is well known that inflation of the lung inhibits, and deflation excites 
respiration. The way in which every one of these maneuvers specifically influences 
the expiratory activity has been less studied. When recording respiration from 
both an inspiratory and an expiratory muscle, it is seen that during inflation 
of the lung, inspiratory activity is inhibited and expiratory activity is enhanced, 
but the temporal course of those two responses is not the same (figures I, 2 
and 3). There are also differences in the responses to deflation (figures 1 and 2). 

During inflation with relatively high pressures, the continuous expiratory 
activity that follows shows a clear recruitment (figure 1 C). With low pressures 
there is, on the contrary, a progressive decrease of the expiratory response (fig- 
ure 3 A). After inflation, if this was prolonged, there is a marked reduction of 
expiratory activity reaching a maximum some time after the period of inflation 
(figures 1 A, B and C; and 3A, B and C). The reduced activity may last for 
several minutes (figures 1 C and D; and 4). If the inflation is of short duration, 
however, there is an increase of activity over the basal values. In this last case 
expiratory activity may occur also during some of the inspiratory phases which 
follow the inflation period (figure 2 A). 

With deflation of the lung, the proportion by which expiratory activity is 
depressed is much higher than that by which inspiration is enhanced (figures 1 FE 
and 2 8B). In all cases the amplitude of the responses of expiratory activity to 
inflation or deflation depends greatly upon the basal values. If there is great 
basal activity, it shows a large increase with inflation and light inhibition by 
deflation. The opposite results are seen with small basal activity. 

b) Effects of section of the vagi.—It is known that section of both vagi 
may give rise to continuous inspiratory activity recorded as tonic discharges of 


A B 
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Fic. 5.— Inspiratory apneuses after double vagotomy changed into rhythmic breathing by hypo- 
ventilation. Rabbit under artificial respiration. Electromyogram of the diaphragm. 

A.— Tonic basal activity of the diaphragm. Lung ventilated with 45 ml of air, 24 times 
per minute. 


B.— Twenty seconds after reduction of the volume of ventilation to 25 ml. Breathing move- 
ments had the same frequency as the respiration pump. 

C. — Fifteen seconds after B. At the start of the record the volume of air was increased 
to 75 ml, 


D.— Twenty seconds after the end of C. 


RESPIRATORY INTEGRATION 251 


E 

8 H 


Fic. 6.— Effects of the section of the vagus and those of stimulation of the central end of 
the nerve. Respiratory movements made slightly stronger by increasing the dead space. 

A.— Control before cutting the right vagus at the neck. 

B.— Ten seconds after the nerve section. 

C.— With the amplification reduced for the record of the electromyogram of the diaphragm 
(upper tracing). Two minutes after vagus section. Between the arrows, the central end of 
the nerve was stimulated with rectangular pulses 2 msec duration, at 50 per sec, and 0.52 volts. 
D.—Six minutes after the nerve section. Expiratory activity has decreased. Between the 
arrows, the nerve was stimulated as in C but with a lower intensity (0.15 volts). Note the 
smaller effect on inspiration, 

E. — Seven minutes afterwards. Between the arrows, stimulation as in D but with a still lower 
intensity (0.12 volts). A continuous expiratory activity appeared after stimulation. 

F.— During the following minute after E. Lung’s deflation (—5 mm Hg) reduced and later 
abolished the continuous expiratory activity. 

G.— The continuous expiratory activity reappeared after a strong inspiratory movement of 
the whole animal (See the artifact). At the arrow the increased dead space was suppressed. 
H.— Another episode of continuous expiratory activity induced by vagal stimulation as in E, 
and its disappearance after a movement of the animal. 

Time callibration: 10 seconds 


Fic. 7.— Expiratory activity depends on vagal afferent impulses. Section of one of these nerves 
reduces the amplitude of expiratory movements and decreases the responses to inflation. 
Rabbit, same animal as in figure 1. 

A.—At the arrow the right vagus was cut. The changes were the result of the mechanical 
stimulation during section. 

B.— Three minutes later, Between the arrows, a positive pressure of 10 mm Hg was applied. 
Compare the results with those in figure 1. The inspiratory response is definitely smaller. 
Time: 10 seconds. 
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the diaphragm (apneuses). This activity depends closely on the ventilation of the 
lung. It may disappear in hyperventilated animals. If the ventilation is reduced 
below the normal, the muscle potentials increase in frequency and may be 
substituted by rhythmic movements (figure 5). 

Expiratory activity tends to be reduced after double vagotomy. Even the 
section of only one of the vagus nerves depresses expiratory activity (figures 6 
and 7), Under this last condition, the expiratory responses to inflation or defla- 
tion are less apparent than was expected, since only half of the lung receptors are 
being stimulated (compare figure 7 B and figure 1 C). Also, after vagotomy, ex- 
piratory activity may loose the property of showing rhythmicity (figure 6). There 
is some recovery with time. 


c) Effects of vagal central stimulation. — Stimulation of the central end of a 
cut vagus is known to give very complex effects upon the respiratory movements. 
The variations depend on the intensity and frequency of the stimuli, and this 
is what is to be expected knowing the different kind of afferent fibers in that 
nerve. In general, inhibition of inspiration and increase of expiratory activity 
are the predominant effects. With a certain frequency and submaximal intensity 
of stimulation it was possible to obtain rhythmic breathing from apneuses indu- 
ced by double vagotomy. The frequency of this rhythmic breathing may depend 
on the rhythm of the chest wall movements produced by the artificial respira- 
tion. For example, stimulating with a frequency of 50 per second may give 
rhythmic breathing exactly following the chest wall movements, inspiratory acti- 
vity appearing after each pump stroke. By increasing the frequency of stimulation 
of the vagus from 50 to 60 per second the rhythmic activity of the diaphragm 
fell to half the previous one. 

Vagal stimulation effects on expiratory activity were explored shortly after 
vagotomy and with the lung hypoventilated or with increased dead space. Stimuli 
which induce inhibition of inspiratory movements, simultaneously induce an 
increase in expiratory activity. This increase has a lower threshold than the 
inhibition of the inspiration. An intensity of stimulation can be selected that 
gives almost pure expiratory response (figure 6 D and E). 


d) Effects of stimulation of somatic afferent nerves. — From all the somatic 
afferent nerve trunks whose stimulation was tested it was possible to obtain 
some influence on respiratory activity. The responses were’ complex and in most 
cases afferent nerve stimulation affected in a different way the expiratory and 
inspiratory activities. In some instances the effects were almost exclusively upon 
the expiratory movements (figures 6 G and H; and 8). In fact it is more difficult 
to affect by afferent stimulation the diaphragm activity than other inspiratory 
muscles. Feeling that one of the factors which may contribute to the complexity 
of the responses could be the influence of the vagal afferents, in some observations 
the afferent fibers stimulated were tested after double vagotomy (figure 9). 

Somatic nerve stimulation no doubt induces important alterations on respi- 
ratory movements. To have an idea of the possible role this afferent impulses. 
may have on the control of normal breathing, a more physiological way of sti- 
mulation was tested by displacing the thoracic or the abdominal walls. It was 
found that expansion of the thoracic wall enhances, and collapse of those walls, 
as well as with compression of the abdominal ones, depresses inspiratory move- 
ments. Those effects are opposite in sign to the responses obtained with those 
maneuvers in animals with intact vagi (figure 10). On expiratory activity the 
opposite effects are seen, the muscle potentials appearing also during the inspi- 
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Fic. 8.—Effects of a single shock applied to the saphenous nerve. Cat. Electromyogram of the 
abdominal muscles (upper record) Thermocouple in the tracheal cannula (lower record). Note 
the greater effect on expiration. 


Fic. 9.—Influence of somatic afferent stimulation. Rabbit, double vagotomy. Integrated elec- 
trical activity of the diaphragm. 

A.—At the arrow, tactile stimulation at the right posterior leg. 

B.— At the first arrow, a light tap was applied to the knee, as in exploring the patellar reflex. 
At the second arrow, four of those taps were applied during two seconds. 


C.—At the first arrow, tactile stimulation of the anterior part of the belly. At the second 
arrow, the same type of stimulation was applied to the chest wall. 


ratory phases (figure 11). All the responses to afferent stimulation depend on 
the basal level of activity and also closely on the ventilation of the lung. They 
are of smaller magnitude if the animal is hyperventilated. 


DIsCUssION 


Let us make first a brief summary of the observed facts. a) Lung inflation 
gives rise to an increase in expiratory activity (figures 1, 2, 3, and 7). b) Expirato- 
ry response to inflation shows recruitment with stronger inflations and accommo- 
dation with smaller inflation, expiratory activity may be depressed. This depres- 
sion is greater the higher the pressure of inflation or the longer the period of it. 
Its maximum occurs some time later (figures 1, 3 and 4). d) After vagal central 
stimulation expiratory activity may be enhanced (figures 2, 6 and 7). e) Section 
of the vagus nerves strongly depresses expiratory activity (figures 6 and 7). 
f) Inspiratory activity responses to inflation, deflation, or direct vagal stimulation 
are opposite in sign but do not follow closely the same temporal course or have 
the same proportional changes as those of expiratory activity. g) Expiratory acti- 
vity is more sensitive to inhibitory and to nervous facilitatory influences. h) Soma- 
tic afferent stimulation has important effects on respiratory movements particu- 
larly on expiration. 1) Movements of the chest and abdominal walls have a control 
on respiration (figures 5, 8, 9 and 10). These effects are opposite in sign to those 
depending from the Hering-Breuer reflex. 

The present observations give strong evidence of the important role of af- 
ferent impulses on the integration of respiratory movements. They also show the 
complexity of the functional relations between inspiratory and expiratory central 
drives. The idea of reciprocal inhibitory influences of inspiratory and expiratory 
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Fic. 10.— Effects of the chest wall movements on respiration. Rabbit, double vagotomy. Inte- 
grated electrical activity of the diaphragm. 

A and B.— Deflation of the lung (—10 mm Hg) during the period marked by the horizontal 
heavy line at the bottom. The lower record is from a thermocouple in the tracheal cannula. 
C.— Manual compression of the abdomen during the time marked. 

E.— Inflation of the lung (small horizontal line) during a period of manual compression of 
the abdomen (lower horizontal line). 

D.—With the chest wide open and under artificial respiration. Lung inflation or collapse 
did not produce any effect. The record shows the changes during and after manual com- 
pression of the chest walls. ; 


Fic. 11.—Effects of compression of the chest walls on expiratory activity. Rabbit, double 
vagotomy. Electromyograms of the diaphragm (above) and of the abdominal muscles (below). 


A.—At the arrow, pressure upon the chest walls was applied. 
B.—Is a continuation of A. The arrow marks the moment in which pressure upon the chest 


was released. 
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centers appears too simple to explain all the facts. The observation of the pos- 
sible coexistence of inspiratory and expiratory activities (figures 2, 6 and 11) is, 
in fact, contrary to that hypothesis. The differential effects of afferent stimulation, 
and the peculiarities of the responses on the inspiratory and expiratory activities 
show that every one of them is controlled by a specific set of afferent impulses. 

The greater sensitivity of expiratory activity to afferent inhibitory and exci- 
tatory influences would be possibly explained if that influence would be exerted 
at spinal levels. Indeed, such phenomena as recruitment, facilitation and the 
myotatic stretch reflex (Garcia Ramos & Lépez Mendoza) which can be seen 
in respiratory muscles other than the diaphragm suggest some integration at 
spinal level, but this hardly could be applied for the effects of the vagal afferent 
impulses. 

With all these data it is still not possible to draw definite conclusions on the 
delicate mechanisms of integration of respiratory movements. These mechanisms 
appear to be too complex. A few points may, however, be presented at least as a 
working hypothesis. /.—Carbon dioxide would be the main driving force for 
inspiratory as well as for expiratory central discharges. The partial pressure of 
this gas in the blood would determine the level of central excitability. 2.— At 
subnormal levels of central excitability, rhythmic breathing would not be pos- 
sible due to the lack of effect of the afferent impulses normally reaching the 
centers (figure 5). With normal excitability of the centers, or with levels above 
normal, rhythmic breathing would be dependent on afferent control (figures 5, 
9 and 10). Vagal afferents are of utmost importance in this respect. They exert a 
normal tonic influence on expiratory activity (figures 6 and 7). 3. — Central 
activity could be modulated by afferent influences upon the spinal motoneurons 
and for the level of excitation at this point. 


SUMMARY 


By using electromyographic records of the diaphragm and the abdominal 
muscles as an index of inspiratory and expiratory central activities, respectively, 
observations were made on rabbits, cats and dogs under light pentobarbital 
anesthesia. 

1) Both the inspiratory and the expiratory centers are sensitive to carbon 
dioxide. The expiratory center has a higher threshold. 

2) Expiratory movements are readily depressed by anesthesia. 

3) Inspiratory and expiratory activities are influenced markedly by afferent 
impulses. The most important action is that of the vagal lung afferents. Move- 
ments of the thoracic and abdominal walls are important for the integration of 
rhythmic breathing. In animals with double vagotomy, contrary to what happens 
in the normal animal, enlargement of the thorax excites inspiration and col- 
lapse of the thorax or compression of the abdomen inhibits inspiration and exci- 
tes expiration. 

4) Inspiratory and expiratory responses to afferent stimulation do not follow 
the same temporal course; they do not change in the same proportions, and do 
not necessarily show reciprocal effects. 

It is concluded that carbon dioxide determines the level of excitability of 
the centers. That afferent impulses are very important in determining rhythmic 
breathing, and that organization of the respiratory center does not merely depend 
on reciprocal inhibition of inspiratory and expiratory centers. 
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RESUMEN 


Se hicieron observaciones en conejos, gatos y perros, bajo anestesia ligera con 
pentobarbital, empleando los registros electromiograficos del diafragma y de los 
musculos abdominales como indices de la actividad de los centros inspiratorio 
y expiratorio, respectivamente. 

Tanto uno como otro centros son sensibles a las variaciones del bidxido de 
carbono de la sangre. El centro expiratorio parece tener un umbral mas elevado, 
es mas facilmente deprimido por el anestésico y su actividad varia marcadamente 
bajo la influencia de la estimulacién aferente. 

Los movimientos respiratorios son afectados principalmente por los aferen- 
tes vagales. Los movimientos de las paredes toracicas y abdominales son factores 
importantes en la integracién de la respiracién ritmica. En animales con seccién 
bilateral de los vagos, contrariamente a lo que sucede en el animal normal, el 
ensanchamiento del térax excita la inspiracién y la reduccién de esta cavidad 
o la compresién de las paredes abdominales inhibe la inspiracién y provoca la 
expiracién. 

Las respuestas inspiratoria y expiratoria a la estimulacién aferente no siguen 
precisamente el mismo curso temporal, no muestran variaciones en las mismas 
proporciones, y no necesariamente muestran cambios de signo contrario. 

Se concluye que los impulsos aferentes desempenian un papel muy importante 
en la determinacion de la ritmicidad de la respiracién. La tensién de bidxido de 
carbono determinaria el nivel de excitabilidad de los centros. La organizacién 
del centro respiratorio es mucho mas compleja de lo que establece la hipdtesis 
de una simple inhibicién reciproca entre los centros inspiratorio y expiratorio. 
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ON THE INTEGRATION OF RESPIRATORY MOVEMENTS 
II. THE INTEGRATION AT SPINAL LEVEL * 


J. Garcia Ramos and E. Lopez MENpDozA 


(Laboratorio de Fisiologia, Escuela Médico Militar, 
Mexico D.F., Mexico) 


ig the first paper of this series (*) it was described that expiratory muscles play 
a role in normal breathing, and that somatic afferent stimulation have an 
important effect on respiratory muscles. As it was shown that after double vago- 
tomy the passive displacement of the thoracic and the abdominal walls could 
enhance or depress the activity of respiratory muscles, the question was raised of 
how much of this influence during active normal respiration could play a role in 
determining or modifying rhythmic breathing in the normal animal, and also, 
what portion of the reflex activation or inhibition could take place at spinal 
level. 

Both questions, at first sight, look quite heterodox. Indeed, they do not find 
strong support in the literature. Most authors consider as a universal truth the 
automatic rhythmicity of the respiratory center. Even if in recent papers the 
reflex nature of rhythmic breathing is emphasized (?) still the idea dominates 
that somatic afferent impulses exert their influence directly upon the respiratory 
center (4 5°). Wang and Wang in a recent review (°) state that “sensory inflow 
from whatever source tends to reinforce the respiratory center’s response to 
carbon dioxide”. On the other hand, Calma (?) has reported the poor effects 
that a great variety of afferent impulses can have upon the phrenic motoneurons. 

Considering, however, that expiratory activity has been less well studied 
from this point of view, that it has importance on respiratory activity, and that 
the motoneurons responsible for this kind of movements form also part of the 
mechanism of somatic movements, it was decided to explore how somatic reflexes 
may interfere with respiratory movements particularly at the spinal level. This 
is the subject of the present study. 

(*) This investigation was sponsored by the “Fundacién para el Fomento de la Investi- 
gacién cientifica en la Escuela Médico Militar A. C.” 

Received for publication, August 20th, 1959. 
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METHOps 


The observations were made on rabbits and cats under light pentobarbital 
anesthesia. Most of the experiments were done on animals in which an incomplete 
section of the spinal cord was made at C 2. The ventral funiculi were left intact 
with the idea of maintaining the supposed facilitatory influence of central im- 
pulses upon the motoneurons, and of suppressing or reducing to a minimum 
the arrival to the respiratory centers of the afferent impulses derived from the 
stimulation and from the respiratory movements themselves. Both vagi were also 
cut at the neck in most cases. At the end of the experiment the segment of the 
spinal cord containing the section was soaked for one hour in a 1 per cent 
solution of Congo Red and then immersed, for 24 hours, in 10 per cent formalin. 
The colloidal dye diffuses very little into the tissue and permits to see under the 
dissecting microscope the extent of the section made, mainly because the gray 
substance stains more deeply than the white matter. 

Some other experiments were made on animals with a complete transection 
of the spinal cord, at the same or other levels. Also, in the above cited prepara- 
tions, the section was completed later in the course of the experiment, slightly 
above or below that point. In most cases, the observations were made before one 
or the other type of spinal section and repeated thereafter. 

Respiratory activity was recorded by electromyography of the corresponding 
muscles: diaphragm, at the muscle fibers which insert at the xiphoideal appendix; 
external or internal intercostal muscles, usually those at the 8th, 9th or 10th 
intercostal spaces, along the posterior or midaxillary line; and the oblique abdo- 
minal muscles along the same line at the higher portion of the abdomen. As 
recording electrodes, small hooks of number 34 nichrome wire were used. The 
hooks were soldered to a very flexible N° 36 magneto wire to hang them from 
a support in order to reduce movement artifacts. 

The records were taken on ink writers oscillographs, either on a Schwarzer 
E. E.G. or a Grass Polygraph. To stimulate the nerve trunks tested, a Grass 
square pulse generator (model $4) was used. When artificial respiration was 
required, a Starling type pump was employed. In some cases ventilation was 
recorded by a thermocouple inserted at the tracheal cannula. 


RESULTS 


A) The stretch reflex of the intercostal muscles. — Stretching of intercostal 
muscle fibers gives a reflex contraction of them. This reflex contraction occurs 
in the intact animal and also after section of the spinal cord above the corres- 
ponding level of the intercostal space explored (figure 1). The response is pro- 
portional to the amount of stretching. Continuous stretching gives a continuous 
response showing accommodation. In many cases the reflex response could be seen 
modullated by the respiratory movements of the chest wall (figure 2). Stretching 
of the muscle fibers was accomplished by fixing the upper rib to a supporting 
rod and pulling the lower rib with a hook tied to a thread. Two pulleys per- 
mitted to adjust the tension exerted on the thread by hanging weights of different 
magnitude. 

With the method employed it was not possible to establish quantitative 
relations between the tension applied and the amplitude of the contractions. 
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Fic. 1.— Stretch reflex of an intercostal muscle showing accommodation and the effects of spinal 

shock. Rabbit under artificial respiration, with an incomplete section of the spinal cord at C2, 

leaving the anterior funiculi intact. — A.-At the arrow, pulling apart the corresponding 

ribs with a tension of 200 g. — B.-After total section of the spinal cord, Between arrows, the 
tension applied was of 500 g. 
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Fic. 2.— Reflex responses to inflation and deflation of the lung, before and after transection 
of the cord at T3. Rabbit, intact vagi. Electromyograms of internal intercostal muscles. — 
A.-Inflation and B deflation of the lung before the section of the spinal cord. — C.-In the 
spinal animal, at the arrow, the ribs were pulled apart with a tension of 200 g. The lung 
was inflated later, as before, during the period marked by the stopping of breathing in the 
lower record from a thermocouple in the tracheal cannula. — D.-Is a continuation of C. The 
thermocouple record shows the time during which the lung was deflated. In the spinal animal, 
both inflation and deflation induces reflex activity of intercostal muscles. This activity gives 
residual facilitation for the stretch reflex which shows rhythmic discharges during the spon- 
taneous diaphragmatic breathing. 


For a given degree of stretching, the response depends upon the level of excita- 
bility of the spinal motoneurons involved. This level is greater after facilitation 
of any kind (figure 2). If the respiratory movements, which can be considered 
as representing by themselves an afferent rhythmic stimulation, are of greater 
amplitude, for example by increasing the dead space, its facilitation producing 
effect increases and this is shown by stretch reflex responses of greater magnitude. 
The level of excitability is lower in the spinal animal shortly after the spinal 
section (figure 1) and it also depends on the degree of inhibition that can be 
induced by some types of complex stimuli (see below). 

Other reasons that make it difficult to obtain a quantitative stimulus/res- 
ponse relation are as follows. Injury may be caused to the muscle fibers either 
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by the electrodes, by the stretching itself or by dessication. It was common to see 
the responses decline slowly with time. The tension applied is distributed along 
the whole intercostal space and in a great proportion is going to be taken by the 
rib joints and by the surrounding tissues. In addition, it is not easy to measure 
exactly neither the stimulus nor the response. It can be said, however, that the 
response of these muscles to stretching is of relatively low threshold. The records 
in figure 1 were taken with a tension on the thread of 200 and 500 grams. In the 
last case, the actual displacement between the ribs, at the place of the electrodes, 
was not more than | millimeter. 

In animals in which diaphragmatic breathing was left by a spinal cord section 
just below the site of the phrenic motoneurons, it was usual to see rhythmic res- 
ponses of the intercostal or abdominal muscles following the chest wall move- 
ments induced by the active diaphragm (figure 2). In some cases those rhythmic 
responses can be seen also under the artificial respiratory movements after tran- 
section of the spinal cord (figure 3). In a case in which the tension applied to the 
hook on the ribs led to the development of pneumothorax, the rhythmic responses 
to the respiratory movements of the chest inverted from an activity during 
inspiration to discharges during expiration. After pneumothorax the thoracic 
walls were moving down during inspiration, the ribs approaching each another. 

B) The spinal reflex activation or inhibition of intercostal and abdominal 
muscle’s respiratory activity. — Single shocks or brief periods of tetanic stimula- 
tion, applied either to the saphenous or the sciatic nerves, have almost no effect 
on intercostal or abdominal muscle activity. Sometimes a small facilitation was 
seen, or a slight inhibition, Stimulation of a branch of the cervical plexus to 
the thoracic wall had more clear but complex effects. Other stimuli which gave 
more consistent results, in animals with double vagotomy, were the manual 
compression of the thorax, its distension by lung inflation or its collapse by 
deflation, the manual compression of the abdominal walls or its distension 
by pneumoperitoneum, and the manual compression of the hind limbs or the 
tail. It is not easy to make a quantitative evaluation of the magnitude of this 
kind of stimulation, but it can be said that it was always below the level of 
producing pain. In fact, the threshold of the responses is very low. Those ma- 
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Fic. 3.—Spinal inhibition is more sensitive than excitation to asphyxia. Rabbit, transection 
of the spinal cord at C2 and double vagotomy, Animal under artificial respiration. Electro- 


myograms of external intercostal muscle. — A.- Between signals, manual compression of the 
theracic walls. The residual inhibition persisted for two minutes. — B.— Manual compression 
of the belly, between arrows. — C and D.-—The same maneuvers as in A and B, respectively, 


after reduction of the stroke volume to half the previous value. The residual inhibition in C 
persisted for only 15 seconds. No inhibition is shown in D during the period of stimulation. 
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neuvers were selected, particularly the ones including changes in position of the 
thoracic and abdominal walls, or changes in pressure at the thoracic or abdomi- 
nal cavities, because they might give an idea of the role that the respiratory 
movements could have on the activity of the muscles involved during normal 
respiration. 

Most of these maneuvers have a complex effect, activation and inhibition, 
both in the same response although in different and variable proportions. Usual- 
ly inhibition follows the increase of activity and probably is a factor in the 
establishment of accommodation (figures 3, 4, 5, 6 and 7). As after-effects, facil- 
itation or inhibition may occur (figures 2, 6 and 7). The amount of inhibition 
present in any given response seemed to depend upon ventilation. Inhibition 
was present in well ventilated animals and reduced or even suppressed reversibly 
by hypoventilation. Asphyxia reduces inhibition earlier than the positive exci- 
tatory responses (figure 3). 

Transection of the spinal cord is known to produce important depression 
of spinal reflex activity below the place of the section, the so-called spinal shock. 
This depression occurred for the reflex activation of intercostal muscles, It is 
of relatively short duration and in about half an hour reflexes were as active 
as seen in the preparation in which the spinal cord section was made incom- 
plete, leaving the anterior funiculi intact. 

C) The effects of somatic afferent stimulation on the phrenic motoneurons. — 
The effects of somatic afferent stimulation upon the phrenic motoneurons were 
explored in the preparation cited above (section of the spinal cord at C2 leav- 
ing the anterior funiculi intact). In fact, it was not necessary to do it as com- 
plete as planned, the results obtained were satisfactory when only the dorsal 
half of the spinal cord was divided. Observations of this kind were also made 
on animals with total transection of the spinal cord, under artificial respiration 
(in all cases after double vagotomy). 

The conclusion of Calma (2) was confirmed, but only in the sense that 
stimulation of a great variety of nerve trunks have very poor effects upon the 
phrenic motoneurons. By the use of the complex types of stimulation mentioned 
above, however, it was usual to demonstrate an important influence of somatic 
afferents upon those motoneurons (figure 5). The most frequent finding when 
the impulses of the respiratory center were left to reach the phrenic motoneurons, 
was that the responses to afferent somatic stimulation were less clear than after 
suppressing the arrival of these central discharges, either after a complete section 
of the spinal cord or simply by hyperventilation (figure 6). 

In animals with the cord transected it was enough to bring them to slight 
conditions of asphyxia or to induce spinal facilitation by repeated application 
of the stimuli in order to obtain clear results (figures 4 and 7). As in the case 
of the intercostal and abdominal muscles, the phenomena of accommodation, 
recruitment, facilitation and summation could be obtained (figures 2, 4, 6 and 7). 

The intensity of the applied stimuli needs not to be great, in many cases it 
was possible to see significant responses merely by touching the skin, particu- 
larly that at the thoracic regions, but some influence was also seen from the 
skin of the limbs or the tail. 

All the reflex responses described in the respiratory muscles disappeared 
after section of the corresponding dorsal roots. In preparations in which a deaf- 
ferentation was made of the thoracic segments, plus a section of the spinal cord 
at L1, after double vagotomy, a stopping of rhythmic breathing was observed 
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Fic. 4.— Rhythmic activity of external intercostal muscles induced by the respiratory move- 

ments due to diaphragmatic contractions, and modified by superimposed afferent stimulation. 

Rabbit with the cord transected at T4 and with double vagotomy. — A.-Lung inflation which 

reduced the thoracic wall movements. — B.-—Lung deflation which enhanced the respiratory 

movements. — C.—Summation with the stretch reflex, tension was applied between arrows. 

Animal under light asphyxia due to increased dead space. — D.- The same maneuver as in C. 
Animal under hyperventilation. 
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Fic. 5.— Different and complex effects of afferent stimulation upon phrenic (upper records) 
and intercostal motoneurons (lower records). Rabbit with an incomplete section of the spinal 
cord at C2, leaving intact the anterior funiculi. Double vagotomy. — A.- Between arrows, lung 


inflation (10 mm Hg). — B.- Results of lung deflation. — C.-Manual compression of the 
thoracic walls. — D.-Manual compression of the abdominal walls. 
a 8 


Fic. 6.— Rhythmic displacement of the thoracic or the abdominal walls is enough to activate 
the motoneurons of respiratory muscles when they are under facilitation produced by repeated 
afferent stimulation. Rabbit, some time after transection of the spinal cord at C2. Electro- 
myograms of the diaphragm (above) and of external intercostal muscles (below). — A.-Recruit- 
ment under a continuous pressure applied upon the abdomen. — B.- Between signals, manual 
compression of the thoracic walls. With greater amplification in the electromyogram of the 
diaphragm in this and the following records. — C.—Rhythmic compression of the thoracic 
walls (horizontal lower lines). — D.—Rhythmic compression of the abdomen. In this case the 
residual inhibition is increasing every time. 
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with continuous activity recorded from the diaphragm. This condition persisted 
as long as the animal was under artificial respiration and not hypoventilated. 
As soon as the stroke volume was reduced, rhythmic breathing could reappear 
again in relation to the degree of asphyxia. 


Discussion 


In the previous paper of this series (°) it was shown that expiratory activity 
shows responses to afferent stimulation. This influence does not merely appears 
as changes opposite in sign to those of the inspiratory muscles. This observation 
was taken to indicate that the concept of reciprocal inhibition of an inspiratory 
and an expiratory center was not compatible with those results, unless the 
afferent stimulation would exert its influence at the spinal level. It was also 
observed that the effects of vagal afferents, which also may give differential 
effects on expiratory muscles, could not influence the corresponding spinal 
motoneurons directly, and for that reason the hypothesis of reciprocal inhibition 
was rejected. 

The present results, however, show clearly that the respiratory movements 
do exert some degree of control upon themselves at the spinal level, by way of 
proprioceptive or some other kind of somatic afferent impulses. There remains, 
thus, the possibility that afferent vagal stimulation could influence indirectly 
the responses of the respiratory muscles via the impulses elicited by the changes 
in position of the thoracic or abdominal walls. That this can happen is shown 
by the not unusual observation that the responses to inflation of the lung in 
intact animals may show, at the beginning or at the end of the depression in 
diaphragmatic activity, an enhancement of the muscle contractions. 

With the exception of the deflation of the lung in animals with partially 
deafferented respiratory center (with an incomplete section at C 2, leaving the 
anterior funiculi intact), in which the response is a clear depression of diaphrag- 
matic activity (figures 5B and 7B), most of the maneuvers upon the thoracic 
and abdominal walls evoke a positive response in all the respiratory muscles 


Fic. 7.—Influence of the spinal section and of ventilation on the reflex responses of respiratory 
motoneurons. Rabbit with a section of the spinal cord at C2 which affected only the dorsal 
half of it. After C the cord was transected 2 mm above the previous section. Electromyograms 
of the diaphragm (above) and of external intercostal muscle (below). — A, C and E.- Between 
signals compression of the abdomen. — B, D and F.- Between signals compression of the thoracic 
walls. — A and B.-Before complete transection of the spinal cord. — C and D.- After tran- 
section, animal under artificial respiration. — E and F.- After stopping the artificial respiration. 
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‘ 
Fic. 8. — The impulses from the respiratory center to the phrenic motoneurons have an inhibitory 
influence upon the reflex responses of those motoneurons to afferent stimulation. Rabbit with 
incomplete section of the spinal cord at C2. Electromyograms of the diaphragm (above) and of 
abdominal muscles (below). Between arrows, manual compression of the abdomen. — A. —-Spon- 
taneously breathing animal. — B.-—Animal under artificial respiration, light hyperventilation. — 
C.-Animal moderately hyperventilated. — D.-After complete section of the spinal cord. 
Ventilation as in C. 


explored. It is true that inhibition currently outlasts the period of stimulation 
(figures 3A, 4A and 6D). The question is how this kind of somatic afferent 
stimulation could interfere with the normal respiratory movements. It is inter- 
esting to note that most of the responses obtained are opposite in sign to 
the normal muscle activity during respiratory movements. This effect would 
tend to smooth respiration in the normal animal. 

The threshold for the responses is relatively low. The normal respiratory 
movements, or those produced by the artificial respiration pump are usually 
enough to act as stimuli (figures 1 to 4, and figure 8). This, and the lack of 
spontaneous breathing after deafferentation of the thoracic spinal cord, with 
transection below this level and double vagotomy, points to the conclusion that 
respiratory movements exert a great influence on the normal integration of 
rhythmic breathing. 

Inhibition occurred in most cases as part of the responses. It seemed more 
important when the stimulation might have induced a painful sensation. It 
appeared more sensitive to asphyxia. If the results on spinal animals are evidence 
for this phenomenon to occur as part of the spinal reflexes involved, there is 
also evidence that impulses from the centers do exert also some inhibitory effect. 
Suppressing these impulses increases the responses to afferent stimulation (fi- 
gure 8). 

An objection may be presented against the preparation in which the most 
important afferent tracts were severed. In fact, not all of them were interrupted. 
Even in those cases in which the spinal section left only the anterior funiculi 
intact, there is still the possibility that some afferent impulses reached the 
respiratory center via the spinothalamic tract, that was not included in that 
section. That objection is not supported by the observation that the responses 
of intercostal or abdominal muscles, and many times also those of the diaphragm, 
appeared about the same in this type of preparation and after complete tran- 
section of the spinal cord. On the other hand, the ventral spinothalamic tract is 
said to conduct tactile sensations (7), and most of the observed results were not 
obtained by this kind of stimulus. In most instances the displacement of the 
thoracic or the abdominal walls was necessary to produce the effects. 

The responses to compression of the abdominal walls deserve some comment. 
They were obtained by applying pressure on any point of the belly, as well as 
by introducing air in the peritoneal cavity. The effective stimuli thus seems 
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to be the increase in pressure. The response did not come from stimulation of 
cutaneous receptors, as a fold of skin could be compressed between the fingers 
without inducing that response. Also, the responses do not depend from trans- 
mitted movements to the thoracic walls, since compression with a rod at the 
lower part of the belly gave a response as great as with the same maneuver 
applied at the upper places. 


SUMMARY 


Reflex activation and inhibition of the motoneurons of the respiratory 
muscles is described on rabbits and cats under light anesthesia. A preparation 
was used in which there was a partial deafferentation of the respiratory center 
by an incomplete section of the spinal cord at C2, leaving intact only the 
anterior funiculi. The results obtained with this preparation were fundamentally 
similar to those observed after complete iransection of the spinal cord. 

By the use of complex types of stimulation, most of them including dis- 
placements of the thoracic or the abdominal walls, it is shown that the activity 
of the spinal motoneurons in relation with respiratory muscles can be profoundly 
influenced (figures 3 to 8). The stretch reflex of the intercostal and abdominal 
walls are described (figures 1 and 2). The influence on the phrenic motoneurons 
is also shown. 

Considering that activation or inhibition of the spinal neurons of res- 
piratory muscles by afferent stimulation is of a low threshold, and that spon- 
taneous breathing may stop by deafferentation of the thoracic segments of the 
spinal cord, together with total section below those levels and double vagotomy, 
it is concluded that somatic afferent stimulation derived from the respiratory 
movements themselves has an important influence on the normal integration 
of breathing and play a role in the determination of its rhythmicity. This part of 
the integration of respiration occur mainly at a spinal level. 


RESUMEN 


Se estudié la activacién e inhibicién reflejas de las motoneuronas corres- 
pondientes a los musculos respiratorios en conejos y en gatos bajo anestesia 
ligera con pentobarbital. Se empleé una preparacién en la cual se produjo la 
deaferentacioén parcial del centro respiratorio, por medio de una seccién incom- 
pleta de la médula espinal a nivel de C2, dejando solamente los cordones 
anteriores. Los resultados obtenidos con esta preparacién fueron fundamental- 
mente semejantes a los observados después de la seccién completa de la médula. 

Empleando estimulos complejos, que en su mayoria implicaban el movi- 
miento de las paredes toracica o abdominal, se mostré que la actividad de las 
motoneuronas respiratorias puede ser grandemente afectada por via refleja (figu- 
ras 3a 8). Se describe el reflejo miotatico de los musculos intercostales y abdo- 
minales (figuras 1 y 2). Contrariamente a las observaciones de otros autores (*), 
se muestra también una influencia grande de la estimulacién aferente sobre las 
motoneuronas del frénico. 

Teniendo en cuenta que la activacién o inhibicién de las motoneuronas 
de los misculos respiratorios por influencia somatica aferente es de umbral 
bajo, y que la respiracién espontanea puede cesar en un animal por la deafe- 
rentacién de los segmentos espinales toracicos, con seccién de la médula espinal 
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por abajo de estos niveles y la seccidn de ambos vagos, se concluye que la 
estimulacion aferente somatica derivada de los movimientos respiratorios mismos 
tiene una influencia importante en la integracién normal de la actividad res- 
piratoria, y que tiene cierto papel en la determinacion de la ritmicidad de los 
movimientos. Esta parte de la integracién de los movimientos respiratorios ocu- 
rriria a nivel espinal. 
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THE PRESSURE IN THE DIFFERENT ZONES 
OF THE PERICARDIUM 


J. L. Duomarco, C. E. GIAMBRUNOo and A. Correa DurRAN 


(Instituto de Patologia, Facultad de Medicina, 
Montevideo, Uruguay) 


HE pressure within the pericardial cavity, which has been previously ac- 

tualized by the injection of air or liquid, has been considered in the study 
of many problems of cardiovascular physiology (?:*). It may be of interest, to 
study also the pressure in the virtual pericardial cavity, that is, in the smallest 
possible space created between the two pericardial leaves. Of course, this study 
implies the possibility that the pressure can vary within the pericardial zones. The 
local pericardial pressure is intimately related with the pericardial tension, that 
is, the tangential force which tends to break the pericardial membrane. At 
each point of the pericardial sac, this tension (T) depends on the pericardial 
local pressure (P) and on the local radius of curvature (R) of the membrane, 
according to Laplace’s formula: T — PR/2. It is understood that, in this case, 
the formula can not be used to obtain numerical values. This paper reports the 
results obtained in a first experimental approach to the pressure-tension problem 
in the different pericardial zones. 


METHOps 


Experiments were performed on dogs, anesthetized with chloralose (0.1 gm/Kg), with open 
thorax and under artificial respiration. A record of the local pressure-tension phenomena was 
obtained in the following way: a fairly firm rubber tube, 5 mm i.d., is attached to the peri- 
cardial wall with two stitches, as shown in figure 1-J. One end is closed and the other one is 
connected to an electromanometer. The whole system is filled with air at atmospheric pressure. 
Figure 1-J7 shows that the elastic camera incorporated in the pericardiac membrane is deformed 
by the synergic action of the pericardial tension (7) and the underlying pericardial pressure (P). 
There is not a clear distinction between both forces. The actual pericardial pressure was re- 
corded by the usual procedure, after injection of certain quantities of air or saline solution. 
Right intraventricular or pulmonary arterial pressure were recorded simultaneously with the 
pericardial pressure, by means of a catheter introduced through the jugular vein. 
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Fic. 1.—I) Diagram of the experimental procedure. An elastic camera is incorporated to the 

pericardial membrane by means of two stitches. 11) The elastic camera is deformed by the local 

pericardial pressure (P) and the pericardial traction (T). R: pericardial local radius of curvature. 

Ill) The diastolic volume of the heart (A) has a minimal surface of contact with the pericar- 

dium The same volume, by virtue of the systolic deformation (B), increases the pericardiat 

surface of contact. This implies a greater potential pericardial volume, which has been actuali- 
zed in C. See text. 


RESULTS 


Figure 2 repeats a very well known experiment; it shows that the pressure 
waves of the distended pericardial cavity are inverted with respect to those of 
the right-ventricular pressure. This fact is easy to explain, because, during systole, 
almost all of the systolic volume leaves the heart through the arteries, while 
just a part of it reaches the heart through the veins, Within the terms of this 
experiment, pericardial waves increase with pericardial distension. Respiratory 
variations of the pressure in the pericardial cavity, when this is distended with 
saline, are due to corresponding vertical displacements of the heart. 

Figure 3 reproduces three experimental sequences where pericardial pressure- 
tension is recorded on different ventricular zones and compared with right- 
ventricular or pulmonary artery pressure curves. During each sequence respiration 
is stopped in order to permit the action of asphyxial phenomena (slow rate, 
weakness of the heart beat, heart dilatation) on the local pressure-tension of 
the pericardium to be studied. Observation shows: a) Pericardial waves on the 
ventricular area are not inverted with respect to, but have the same direction 
as the intraventricular or arterial waves. b) The amplitude of the pericardial 
waves increases at the beginning, by virtue of heart dilatation, and decreases 
towards the end, when the heart beat becomes extremely weak. c) The pericardial 
waves show a clear retard with respect to ventricular systole. This retard increases 
when the ventricular activity becomes weaker. d) There is no retard between 
pericardial and pulmonary artery pressure curves. 
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Fic. 2.— Right intraventricular pressure (R.I.VP.) and actual pericardial pressure (P.P.). Increas- 
ing pericardial distension. Top: Four stretches (with air). Bottom: Three stretches (with saline 
solution). The beginning of some waves is marked. See text. 


Figure 4 shows: a) Pericardial waves on the right-ventricular conus have the 
same direction as the right-ventricular pressure waves, and the expected retard. 
b) Pericardial waves on the right atrial zone are also positive and precede the 
ventricular waves: they evidently correspond to auricular systole. c) Pericardial 
waves on the left ventricle increase with the ventricular mechanical impulse 
(adrenalin action) and start simultaneously with the pulmonary artery pres- 
sure waves. 


DIsCcussION 


The paradoxical behaviour of the pericardial local waves, in comparison with 
the waves of the actual pericardial cavity, results from the fact that the latter 
belong to a true plethysmographic curve, while the former are a consequence 
of the ballistic recoil of the underlying heart zone against the pericardial wall, 
during the ejection period of the systole. This explains why these recoil waves 
increase with the systolic impulse (adrenalin) and with the local radius of cur- 
vature of the pericardium (asphyxial heart dilatation). It also supplies an expla- 
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Fic. 3.—Local pericardial pressure-tension (P.P.) uppon different cardiac areas (R.V.: right 

ventricle; L.V.: left ventricle) and right intraventricular pressure (R.L.V.P.) or pulmonary arter- 

ial pressure (P.A.P.). Three experimental sequences with progressive asphyxia. The beginning 
of some waves is marked, See text. 


nation for the fact that those pericardial waves are simultaneous with the ejection 
period and not with the whole systolic event. It is evident that the vectorial sum 
of the forces caused by the ballistic recoil of the different parts of the heart 
generates the cardiac component of the ballistocardiogram (4), and that the 
pericardium is the first mechanical intermediary between the heart and the mass 
of the body. 

From another point of view, in normal and pathological conditions, the 
pericardial sac maintains a size and shape which is related with its contents. 
It is difficult to conceive of any modelling force other than the distension of the 
pericardial wall, due to the pressure exerted by the heart. This modelling action 
should be performed by two different mechanisms: [) In diastole, the heart prac- 
tically constitutes an hydrostatic mass; consequently, its modelling function begins 
only when it has totally unfolded the pericardial cavity, and when the central 
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Fic. 4.— Local pericardial pressure-tension (P.P.) on different cardiac areas (P.C.: pulmonary 

conus; R.A.: right atrium; L.V.: left ventricle) and right intraventricular or pulmonary arterial 

pressure. The beginning of some waves is marked. Bottom: injection of adrenalin; change of 
velocity. See text. 


venous pressure begins to increase. Obviously, this action affects the size but not 
the shape of the pericardium. I/) Jn systole, the ballistic recoil of the heart cavi- 
ties exerts the main modelling action, which affects size and shape of the peri- 
cardium. Particularly, this mechanism can increase the potential capacity of the 
pericardium over the maximal diastolic volume. In this respect, diagrams in 
figure 1-III attempt to represent: (A) End-diastolic volume and cardio-pericardial 
surface of contact (mechanism /). (B) Early systolic deformation that increases 
surface of contact and potential capacity of the pericardium (mechanism //). 
(C) Potential pericardial capacity made real by an injection of fluid. 

The apex beat and the relative inmovability of the apex, thoroughly studied 
by the classics (7%. 4), is partly related to the ballistic recoil of the ventricles 
against the thoracic wall, in systole. Modern angiocardiographic studies (') show 
relative inmovability of atrial portions opposed to the atrioventricular valves 
during auricular systole. 
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SUMMARY 


A method for recording the local pressure-tension of the pericardium is 
described. 

Local pericardial pressure is a resultant of the hydrostatic action of the 
heart, and/or of the ballistic recoil of the cardiac cavities. 

At each point of the membrane, the local tension of the pericardium depends 
on the pressure and on the radius of curvature. 

The mechanism by which the pericardium adapts itself to the size and 
shape of the heart is discussed. 
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FUNCTIONAL MODIFICATIONS OF THE PACEMAKER 
AND CONDUCTING SYSTEMS OF THE HEART IN 
EXPERIMENTAL HYPER-AND HYPOTHYROIDISM 


H. Van DEN C., R. R. and J. TALEsNiK D. 


(Department of Physiopathology, University of Chile, Medical School, 
Casilla 6510, Santiago de Chile) 


r is well known that patients with functional disorders of the thyroid gland 
I show definite disturbances of the cardiac rhythm. Thus, in the hyperthyroid 
state the heart rate is increased. Physical exertion or emotional excitement may 
increase this rapid rate even more. Tachycardia is maintained even during sleep, 
in contrast to what happens in other conditions associated with increased heart 
rate such as in certain psychoneurotic states (°). 

It should be pointed out that the cardiac rhythm in hyperthyroidism is 
disturbed by extrasystoles, frequently of ventricular origin. In many cases of 
long standing hyperthyroidism, atrial flutter or fibrillation is present (3: ® 11, 29, 
80, 31, 37), On the contrary, in myxedematous states that are usually accompanied 
by bradycardia, extrasystoles are rarely observed, except in cases of circulatory 
disorders of the heart derived from coronary atherosclerosis (°). 

In order to explain the mechanism involved in the development of tachy- 
cardia in hyperthyroidism, compensatory factors due to increased metabolic re- 
quirements were first considered (°. 3°). When this explanation was suggested 
no reference was made to the fact that in thyrotoxicosis the oxygen arterio-venous 
difference is reduced although there is marked increase in metabolic rate (7: 22). 
The reduction in oxygen arterio-venous difference could be due to an acceler- 
ated blood flow, since it has been shown that in hyperthyroidism there is an 
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increased heart rate with hypervolemia (%) and consequently increased cardiac 
output. According to these facts the augmented heart rate in hyperthyroidism 
could be explained as a reflex mechanism of the Bainbridge type, initiated by 
the exaggeration of the venous return (8). Nevertheless, there are no conclusive 
experiments showing that this reflex mechanism is responsible for the acceleration 
of the heart in thyrotoxicosis. 

The mechanisms involved in the increased frequency of the heart that 
occurs in hyperthyroidism are different from those inducing changes in cardiac 
rate in fever or dinitrophenol intoxication. For instance when the metabolic 
rate is increased by dinitrophenol the heart rate is slightly changed. On the 
contrary, when metabolic alterations are induced by lack or excess of thyroid 
hormone, marked modifications of cardiac rhythm are obtained (2°). Besides, 
there is experimental evidence showing that the thyroid hormone has an 
influence on the basic heart rate by a direct action upon the myocardium. 

In fact, changes of cardiac rate determined by lack or excess of thyroid 
hormone are present even in isolated hearts (1, 17, 21, 28, 38), This effect of the 
thyroid hormone concerns the excitability of the pacemaker and conducting 
systems among other actions, as suggested by experiments performed on chick 
embryo tissue culture (°). 

In dogs with total cardiac denervation, tachycardia has been induced as 
well as in animals with intact nerve supply to the heart (24). Further studies 
on denervated hearts of hyper and hypothyroid animals tend to show that 
tachycardia and bradychardia respectively, are independent of the nervous 
system (25). Nevertheless these experiments do not exclude the influence of 
the nervous system on a substrate already modified by the endocrine disorder. 

Clear differences were found when the action of the cardiac nerves and the 
neurotransmitter substances were studied on isolated hearts of hyper and hypo- 
thyroid animals. This, and the fact that changes in frequency persist in isolated 
hearts ('4), support the hypothesis that postulates a cardiogenic mechanism of 
rhythm alterations under thyroid influence (12. 17, 21, 28), 

In the experiments described below it was found that the thyroid hormone 
has a marked influence on the pacemaker and conducting system of the heart 
that could explain the origin of the disturbances of the cardiac rhythm. The 
experiments were performed in isolated mammalian heart with sections at dif- 
ferent levels of the specialized system. Pharmacological blockade was also induced 
with acetylcholine which has been shown to establish rhythms of infrasinusal 
origin (76 32), 


METHOps 
Experiments in rats. 


Seventy five animals, of mixed breeding whose body weight ranged from 
170 to 320 g were studied. They were given food and water “ad libitum’. The 
oxygen consumption was measured every other day according to the procedure 
described elsewhere (27). After two or three weeks, the animals were selected 
for the following groups: 

a) Seventeen rats were injected daily with thyroxine | mg/100 g body weight 
subcutaneously. The treatment was followed for 5 to 12 days. 

b) Four rats, after 6 to 9 days of treatment with thyroxine, were allowed to 
recover without any treatment for 27 to 43 days (to be called, post-hyperthyroid). 
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c) Thirty “normal animals” which were considered as controls. 

d) Twenty-four rats in which thyroidectomy had been carried out 11 to 49 
days prior to the experiment. 

At the times indicated, the rats were anesthetized with pentobarbital (intra- 
peritoneal injection of 2.5-5 mg/100 g body weight) and electrocardiographic 
recording of heart rate was obtained. The preparation of Langendorff was then 
performed. Tyrode solution at 38° C was perfused at 45 mm Hg. The ventricular 
activity was recorded with an isotonic lever on smoked paper. 


Experiments in cats. 


Cats of mixed breeding whose initial body weight ranged from 1000 to 
3100 g were grouped in the following way: 

1) Thyreotoxicosis. Ten animals were injected subcutaneously with thy- 
roxine, | mg/Kg body weight, for 21 to 31 days. 

2) Hypothyroidism. Eight cats were thyroidectomized 25 to 35 days before 
the experiments. 

3) Normals. Ten animals taken at random were considered as controls. 

As in the rat experiments, the hearts were perfused according to the Lan- 
gendorff method. 

Results were compared with Student’s “t” test. 


RESULTS 


Experiments in rats. 


The experiments in which elimination of the sinus-auricular node and 
section of the atrio-ventricular bundle were performed, will be referred to first. 

The heart rate obtained in the anaesthetized animal by electrocardiogram 
will be denominated ECG rate, while the frequency of the isolated heart with 
a normal rhythm will be referred as SR (Sinus Rhythm); NR (Nodal Rhythm) 
will denote the rhythm obtained after both auricles were sectioned and IVR 
(Idio Ventricular Rhythm) the heart rate that appears after crushing the upper 
region of the interventricular septum. 

In figures 1 to 6 the heart rate is plotted in relation to the O, consumption 
measured just before the experiment was carried out. As it can be seen in fi- 
gure 1, the ECG values of the hypo and hyperthyroid rats are significantly sepa- 
rated from the normals. The higher the O, consumption, the higher the ECG 
and the opposite can be said for the hypothyroid rats. It should be emphasized 
however that the group of animals treated with thyroxine and allowed to recover 
from the treatment, showed a return of O, consumption to normal levels, but 
nevertheless, the cardiac rate remained of the same magnitude as in those rats 
with increased metabolic rate. 

In figure 2, it can be seen that the differences for the SR values show the 
same trend as the ECG values in all groups. 

When the auricles were excluded, the heart rate dropped in all groups, but 
the values for the post-hyperthyroid animals no longer differed from the nor- 
mals. It can also be seeen in Fig. 3, that the NR of the hyperthyroid rats was 
higher than the post-hyperthyroid, normal and hypothyroid animals. There is 
no significant difference between the post-hyperthyroid and the normal, but 
both these groups show faster NR than hypothyroid rats. 
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Fic. 1.— Heart rate measured “in situ” by E.C.G. plotted against Og consumption. 
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hic. 2.— Heart rate in isolated perfused hearts with sinus rhythm plotted against Oo 
consumption (see text). Symbols as in Fig. 1. 
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Fic. 3.— Heart rate in isolated perfused hearts with auricles excluded plotted against Og con- 
sumption (see text). Symbols as in Fig. 1. 
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Fic. 4.— Heart rate in isolated perfused hearts, after interventricular clamping, plotted against 
Og consumption. Symbols as in Fig. 1. 
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Fic. 5.— Comparative study of the mean heart rate and Og consumption in: A: Hyperthyroid 

group; B: post-hyperthyroid group; C: normal group; D: hypothyroid group. Discontinuous 

lines in the Oy column of group B show the highest level reached during the treatment with 

thyroxine. Og = Oxygen consumption; E.C.G. = Heart rate measured “in situ” by electrocar- 

diogram; S.R. = Sinus rhythm in isolated hearts; N.R. = Nodal rhythm in isolated hearts; 
1.V.R. = Idioventricular rhythm in isolated hearts. (See text.) 
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Fic. 6.— Mean values (and standard deviation of the mean) of heart rate plotted against mean 
oxygen consumption. Symbols as in Fig. 5. 
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In Fig. 4 the values for IVR are plotted and as can be appreciated the IVR 
of thyrotoxic rats are superimposed on the IVR of normal animals. Nevertheless 
there are still statistical differences between the rate of IVR of hyperthyroid and 
hypothyroid rats. 

Before entering into further details, it is convenient to look at the experiment 
as a whole helped by figures 5 and 6. It is evident that there is only an apparent 
relationship between level of O, consumption and ECG rate, since the hearts 
of post-hyperthyroid rats that had recovered normal levels of metabolic rate 
behave like those of the thyroxine treated rats; on the other hand SR, NR and 
IVR from the post-hyperthyroid group are indistinguishable from the values 
of the hyperthyroid one. 

In all groups, the sinus frequency of the perfused heart is lower than 
the corresponding heart rate measured by ECG. As a matter of fact the SR 
in the hyperthyroid group diminished by 35,5 %, while in the post-hyperthyroid, 
the diminution was 33%; in normal and hypothyroid groups the decreased 
frequency was about 33 and 36% respectively. The reduction in heart rate 
due to lower pacemakers is of the same degree in the different groups if one 
considers the ECG as the basic rate for comparison. 

Another way of comparing the characteristic rhythms in the different con- 
ditions studied can be appreciated in fig. 6, where the average values and 
standard deviation of the mean are shown. It is evident that the general trend 
is kept for each rhythm by groups of hyperthyroid, normal and hypothyroid 
rats. While the greater differences appear for ECG and SR rhythms, the dif- 
ferences are less for the lower NR and IVR. 

Once more it can be easily seen that the mean values of heart rate of the 
post-hyperthyroid group, that had an Og consumption in the range of the normal 
ones, are similar to those of the hyperthyroid group. 

In a new series of experiments only 3 groups of rats were employed. The 
group allowed to recover from thyroxine treatment, was omitted. Acetylcholine 
was added to the perfusion fluid in concentration of 1.5 & 10-6 and a quick 
injection of 10 yg of the drug reinforced the action about 2 minutes after the 
perfusion started. 

The ECG rhythm was higher than the SR as already described in the 
previous experiments. When acetylcholine was given the heart beat stopped 
and a new rhythm started. This new rhythm is called “rhythm of escape” (ER). 

It is evident that the acetylcholine-induced cardiac arrest lasted much longer 
in hypothyroid animals than in normals, while in hyperthyroid rats the heart 
arrest was significantly reduced when compared with the other two, as it can 
be seen in figures 7 and 8. In fact the heart stopped longer when the animal 
Oy consumption was lower (hypothyroidism) and shorter when the Oy, con- 
sumption was higher (hyperthyroidism). The longer cardiac inhibition lasted, 
the slower was the escape rhythm of the heart as can be observed in fig. 9. The 
average values of ER of hyperthyroid rats were slightly higher than the mean 
of the normal and hypothyroid groups. 

Statistical analysis shows that the difference between hyperthyroid and 
normal rate of heart escape is not significant, due to the small number of cases 
and a great spread of values in the hyperthyroid group. 

If one compares the IVR and the ER in fig. 6 and 9, the similarity of 
both curves is striking suggesting a certain relationship in the origin of the 
pacemaker in either condition. 
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Fic. 7. — Duration of cardiac arrest induced by acetylcholine plotted against oxygen consumption. 
O = hypothyroid 
e = normal 


X = hyperthyroid 


On the other hand, fig. 9 shows that a certain inverse relationship can be 
established between original rate (ECG or SR) and the length of the standstill. 


Experiments in cats. 


Similar conclusions were drawn from experiments performed on isolated 
perfused cat’s heart, with the advantage that the different rhythms obtained 
were checked electrocardiographically. 

No statistical study is shown because the spread of values in the small 
number of cases was more noticeable. Nevertheless it can be said that comparison 
of individual experiments of long treated cats with the normal ones show typical 
differences that can be observed in figure 10. 

In the records of figure 10 the difference in SR and rhythm of escape 
induced by acetylcholine perfusion can easily be appreciated. 

It is known that when an infranodal rhythm is present the depressor action 
of acetylcholine is ineffective (2°). To make sure that the rhythm obtained 
during perfusion with acetylcholine was of infranodal command, high doses 
of acetylcholine were quickly added to the heart and no alterations of the 
mechanical or electrographic recording were seen. 

The absence of P wave with acetylcholine corresponded to arrest of the 
activity of the auricles registered on the kymograph. 
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Fic. 8.— Heart standstiil and escape after acetylcholine in A: hyperthyroid rat. B: normal rat; 
C: hypothyroid rat. Dots indicate injections of acetylcholine. Time scale 5 sec. 


DISCUSSION 


The described experimental results emphasize that the modifications of 
basic heart rate are mainly due to a direct action of the thyroid hormone on the 
heart. The demonstration of the direct action of the thyroid on the cardiac 
muscle is unquestionable since changes in frequency of the cardiac rhythm 
obtained in the intact animal by thyroidectomy or when thyroxine is given, 
persist in the isolated perfused heart (17. 21, 38), 

The influence of the thyroid was further emphasized in those few cases 
where thyroxine was given to rats and after a while the treatment stopped 
although it should be confirmed with a larger number of experiments. In these 
animals the O, consumption dropped down to normal levels, nevertheless 
tachycardia persisted at about the same magnitude as in rats continuously treated 
with thyroxine. 
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Fic. 9.— Comparative study of the mean values and standard deviation of the heart rate measu- 
red “in situ” (ECG), in the isolated preparation (SR), the “escape rhythm” (ER) and the 
standstill obtained with acetylcholine. 
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10.—Electrographic records from isolated cats’hearts. A: hyperthyroid; B: normal; C: thy- 
roidectomized; Column 1: sinus rhythm; Column 2: rhythm of escape. Time scale 1 sec. 
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It is interesting that the increased heart rate in the thyrotoxic state continues 
after the metabolic rate has reached normal levels. This observation points 
towards a dissociation between the direct action of the thyroid hormone on the 
effector systems and the level of increased calorigenesis (?°). 

It would not be correct to assume that the action of the thyroid hormone 
has only a pathologic influence on the heart. Probably the actual basic frequency 
of the normal heart is partially due to the influence of the thyroid gland 
and the decreased heart rate in hypothyroidism and increased frequency in 
hyperthyroidism should be only considered as an exaggeration of the normal 
action of the thyroid hormone on the myocardium. 

It has been shown then, that the thyroid gland influences the heart function 
through two mechanisms: one concerns the speed of contraction of the muscle 
itself (1%, 19. 36) and the other affects the cardiac rhythm. In experimental thy- 
rotoxicosis the speed of the mechanogram is increased for the skeletal muscle 
as well as for the heart muscle (1:15.16), Furthermore, it has been reported 
that in hearts from hyperthyroid animals, cooling of the sinus node decreases 
the rate without parallel reduction of the speed of contraction as in normal 
cases (18, 36), 

In this paper, proof is given showing that the thyroid hormone acts specifi- 
cally on the pacemaker system When a new pacemaker was established, differences 
in the rate were maintained among the hearts of hyper, normal and hypothyroid 
animals. On the other hand, the analysis of the results shows that the influence 
of the thyroid hormone is greater in the upper regions of the pacemaker system 
since the difference of cardiac rate when the pacemaker is lower are less marked 
among different groups. 

This could be the explanation for the observations in human subjects 
with A-V block in which hyperthyroidism was induced: only the auricles showed 
rhythm alterations while no significant changes occurred in the ventricles (*). 

It could be inferred from these experiments, that the thyroid hormone 
modifies the pacemaker and conducting systems in its property of generating 
impulses. Support for this assumption was obtained from experiments where 
the time of heart arrest was measured after exclusion of the sinus-auricular node. 
In fact, in thyroxine-treated animals, the heart arrest was shorter and according- 
ly with the hypothesis, it would mean that infrasinusal regions have a more 
developed capacity to take over the cardiac pacemaker. The opposite was clearly 
demonstrated when shift of the pacemaker was obtained in hearts of thyroidec- 
tomized animals. 

Furthermore it could well be that many disturbances of the heart rhythm 
in hyperthyroidism like tachycardia, ventricular extrasystoles, flutter or auricular 
fibrillation could be related to the high capacity to produce ectopic impulses 
in the heart in relation with changes of the metabolic activity demonstrated for 
the thyroid hormone on the heart (1° 3%, 34), 

It has not been clearly demonstrated how the pacemaker is established, but 
some relationship with the ability to synthesize acetylcholine and heart auto- 
matism has been found (4). On the other hand, acetylcholine synthesis can be 
interfered with through different influences. Among others, it has been shown 
in nervous tissue that the speed of acetylcholine synthesis is increased in con- 
ditions of hyperthyroidism (*°). 

It would be hazardous from this indirect evidence to draw conclusions 
about the mechanism by which the thyroid hormone influences the automatic 
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activity of the heart. Anyhow it would be worth while to consider the relation 
between synthesis of acetylcholine by the heart and the action of the thyroid 
hormone on the spontaneous activity of the pacemaker and conducting systems. 


SUMMARY 


Previous reports have shown that the thyroid hormone affects the cardiac 
rate by a direct action on the heart. 

The present work supplies more evidence that hearts of hyper and hypo- 
thyroid rats and cats maintain a characteristic tachycardia and bradycardia when 
isolated. Studying the mechanism by which the thyroid hormone modifies the 
heart rate, it was found that: 

1) The sinus rhythm is significantly different in the hearts of the three 
groups studied, namely hypothyroid, normal and hyperthyroid animals. 

2) The removal of the sinus pacemaker leads to a decreased heart rate, but 
the differences observed in the three experimental groups are maintained. 

3) If the interventricular septum is sectioned, the heart rate decreases even 
more, yet the differences between ventricular rate of hypo- and hyperthyroid 
animals persist. 

4) Cardiac escape of infranodal origin develops by blocking the auricular 
pacemaker with acetylcholine. The ventricular rhythm thus obtained in the 
three groups has the same characteristics as the one described above. 

5) The influence of thyroid hormone on the various segments of the 
pacemaker and conducting systems is evident when a new pacemaker is establish- 
ed. Nevertheless, the influence is greater in the upper regions of the pacemaker 
system since the difference of cardiac rate when the pacemaker is lower is less. 
marked. 

6) The cardiac arrest that precedes the idioventricular rhythm, is significan- 
tly greater in hearts from hypothyroid animals than in normal and _ hyper- 
thyroid ones. 

7) Thyroxine-induced tachycardia persists long after hormonal treatment is. 
discontinued, although oxygen consumption has returned to its normal level. 

These observations emphasize the importance of the thyroid hormone as 
one of the factors with a regulating action on the genesis of impulses that 
determine the basic cardiac rate. 

These findings and their possible relations to some cardiac disturbances 
frequently observed in myxoedema and thyrotoxicosis are discussed. 


We acknowledge the help of Dr. G. Hodgson in revising the manuscript. 
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INDUCTION OF ARGINASE SYNTHESIS IN AN AUXOTROPH 
OF NEUROSPORA CRASSA 


JuLtio CABELLO, RuTH UrsA, Vicroria PRAjyoux and Car.os BasiLio 


(Instituto de Quimica Fisiologica y Patolégica de la Escuela de Medicina, 
Universidad de Chile, Santiago, Chile.) 


N 1944, Srb and Horowitz (') reported that arginase is present in mycelia of 
I wild type and arginine-less mutant strains of Neurospora crassa. Wild type 
strain cultivated in minimal medium enriched with arginine, was shown to have 
two or three times more arginase activity than cells grown in the unsupplemented 
medium. These authors termed the enzyme as “partially adaptive”. 

Here we report studies on the synthesis of arginase by an arginine-less 
mutant of Neurospora crassa. The absolute and specific dependence of the 
auxotroph development on an exogenous source of arginine may implicate 
the arginase activity of this mutant as an exacting mechanism for starting the 
cell growth. On account of this circumstance, the rate of arginase production 
in this mutant may be conspicuously different from the wild type. The effects of 
the amount of arginine in the medium, the supply of other aminoacids and the 
growth stages were explored (*). 


(*) Abbreviations: 


TCA = trichloracetic acid. 
RNA = ribonucleic acid. 
DNA = desoxyribonucleic acid. 
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EXPERIMENTAL 


Material. Two Neurospora crassa strains were used (**). The wild type, 
which develops in minimal Fries medium with sucrose; and the 36703 mutant, 
which grows optimally in the same medium with 5 10-3 M to 10° M arginine. 
This mutant strain is genetically unable to synthesize arginine apparently because 
the enzyme implied in the synthesis of arginine-succinate is missing (*). 

a) Mycelia. One or two drops of a conidia suspension were inoculated into 
20 ml of minimal medium and were incubated at 25°C. In the mutant, sub- 
optimal doses of arginine graded from 5 & 10-5 M to 7.5 & 10+ M, ellicite a 
linear growth response. 

In some experiments, the medium was supplemented with a mixture of 17 
aminoacids including glycine, alanine, serine, threonine, leucine, isoleucine, 
valine, cysteine, methionine, phenylalanine, tryptophan, proline, aspartic and 
glutamic acids, lysine and histidine. The final concentration of each aminoacid 
was 25 mg per liter. 

After 4 days, or at intervals during growth, mycelia from several flasks 
were harvested by smooth suction and washed with distilled water. The pads were 
squeezed on filter paper and placed over ice on Petri plates. 

Dry weight was determined in an aliquot of the pad dried at 90° C for 
24 hours. The residual fresh pad, weighing 30-250 mg, was finely minced and 
ground with Pyrex glass powder and 9 parts in volume of 0.002 M manganese 
sulphate. The homogenous milky fluid was centrifuged 5 minutes at 200 g. 

A portion of the supernatant was used for arginine determination. The 
remainder was diluted 1:5 with the same Mn solution. This 1:50 (w/v) homo- 
genate was used to determine total nitrogen, nitrogen precipitated by trichloro- 
acetic acid and arginase activity. 

It must be emphasized that these determinations were effected on the soluble 
fraction of mycelia extracted and homogenised as described. The figures obtained 
represent therefore the concentration or the content of components from this 
moiety and not the concentration or the content of the whole mycelial mass. 

b) Conidia. Wild type conidia were obtained from cultures in solid minimal 
medium after 8-10 days at 25° C with intermitent lighting. Mutant 36703 cultures 
were enriched with 125 micrograms of arginine per ml of medium. Argininic 
acid (*) an structural analogue, was not a substitute for arginine. 

Conidia were harvested and squeezed, then weighed and ground with glass 
powder and 50 volumes of 0.002 M manganese sulphate. Protein nitrogen and 
arginase activity were measured in this homogenous extract. 

Methods. Total Nitrogen. 0.5 to 1.0 ml of mycelia homogenate was digested 
with sulphuric acid and nesslerized. 

Protein Nitrogen. 0.5 to 2.0 ml of 1:50 homogenate was treated with 5 
volumes of 10 per cent TCA. After standing several hours at 4-6° C the mixture 
was centrifuged and the sediment washed with the same TCA solution. The 
precipitate was carefully dragged to a Kjeldahl flask with distilled water, digested 
with sulphuric acid and nesslerized. This was called protein nitrogen. 

Arginase activity. 1.25 ml of 0.05 M arginine chlorhydrate in glycine buffer 
0.1 M pH 10.14 and 0.5 ml of 1:50 homogenate (equivalent to 10 mg of fresh 


strains. 
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Neurospora pad) were incubated 30 min at 37°C. The final pH was 9.5-9.6. - 
(**) Our thanks are due to Dr. N. H. Horowitz for kindly supplying us with Neurospora se 
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The urea formed was photometrically measured by the Archibald reac- 
tion (4). An arginase unit is defined as the amount of enzyme that liberates 
1 micromole of urea per ml of incubation medium under these standard con- 
ditions. Specific activity is computed in units per mg of dry mycelia or more 
generally in units per microgram of protein nitrogen. Total activity is the enzyme 
activity of the whole mycelia mass contained in 20 ml of culture. 

Arginine. The procedure of Cabello and Prajoux (5) was used. 0.5 to 2.0 ml 
of 1:10 or 1:20 homogenate was digested in sealed glass vials with the same 
volume of 6 M HCl at 100°C. The digest was adjusted to pH 6.5-7.0 with 
6 M NaOH and then diluted to 5-10 ml. 


SPECIFIC ACTIVITY — TOTAL ACTIVITY 
mg ORY WEIGHT UNITS UNITS 
40 1,00 + 40 
30 4 075 4 + 30 
20 4 0.50 4 r 20 
10 4 0.25 10 

50 100 150 50 100 150 
yg ARGININE HCL /mi 
Fic. 1.—Arginase activity of mutant mycelia after a 4-day culture in minimal medium sup- 


plied with increasing doses of arginine. Specific activity: Arginase units per mg of dry mycelium. 
Total activity: Arginase units per total dry mycelium formed in 20 ml of culture medium. 


2.0 ml of this neutral solution were incubated during 30 min at 37° C with 
1 ml of a young rat liver 1:100 (w/v) homogenate, prepared in glycine buffer 
0.1 M pH 10. 12, and 0.04 ml of 0.2 M manganese sulphate. Under these con- 
ditions liver arginase was shown to liberate equimolecular amounts of urea from 
arginine. After deproteinization with 1.0 ml of 20% metaphosphoric acid, urea 
was determined by the Archibald reaction. 

The arginine content was computed by comparing the amount of urea 
evolved from 0.5 mg of arginine chlorhydrate in 2.0 ml water under the same 
conditions. Total arginine nitrogen is the amount determined in the mycelial 
mass formed in 20 ml of culture. 

Exogenous Ammonia Nitrogen. It was determined by direct nesslerization 
of mycelia-free medium. 20 ml of minimal Fries medium contained 10.84 mg of 
ammonia nitrogen. 
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RESULTS 
1. Arginase content of Conidia. 


As shown in Table I the specific arginase activity in wild conidia is of 
the same order of that usually found in fully developed wild mycelia (see Fig. 6). 
On the other hand, the mutant conidia have less than half of the arginase 
specific activity of wild conidia, although it increases rapidly with the ger- 
mination and growth evoked by arginine. 


2. Arginase formation in cultures of N. crassa 36703. 


The effect of arginine on arginase formation was studied by growing the 
mutant in basal medium containing different concentrations of arginine and 
collecting the mycelia after a 4-day incubation. 

Figure | shows the results obtained with 4 day-cultures. It can be seen that 
the increase of the arginase specific activity is not directly proportional to the 
growth, expressed as dry weight of mycelia. 

The pattern of the specific activity curves were similar from one experiment 
to another, in spite of their different absolute values. On the other hand the 
total arginase activity increased with increasing the arginine concentration, but 
it was not strictly proportional to it. 

The addition of a mixture of 17 aminoacids (see methods) caused an increase 
in the growth rate and total arginase content, but the shape of the specific 
activity curve was not affected. 

It might be objected that in both sets of experiments the metabolic charac- 
teristics of the organisms were not equivalent because the growth stages depended 
on the amount of arginine supplied. So it seemed necessary to consider the pattern 
of arginase formation at different periods of the mutant growth and the influence 
exerted on it by the addition of aminoacids and arginine at various concen- 
trations. To test these possibilities the following experiments were performed: 
a) action of aminoacids mixture on arginase formation when the mutant cultures 
were supplied with a fixed initial dose of arginine, b) effect of two different 
concentrations of these aminoacids on the enzyme synthesis at the same fixed 
arginine supply, c) effect of several arginine concentrations on arginase produc- 
tion, with and without addition of the aminoacid mixture. 

a) The pattern of arginase formation during the mutant growth was deter- 
mined by comparing the growth rates and the arginase contents of cultures 
developing in basal medium containing 25 »g/ml of arginine chlorhydrate, with 
and without the aminoacid mixture. Figure 2 shows the changes of arginase 
specific and total activities during development and the effect of aminoacids 
addition. It can be seen that the general shape of these curves was the same 
regardless the presence or the absence of exogenous aminoacids. A prominent 
feature was the rapid increase of the specific activity between 18 to 24 hours, 
period which corresponded to the end of the lag phase and the onset of the 
exponential phase. It reached a maximum value at 24 hours and declined steeply 
until 48 hours. Afterwards, it diminished gradually to a minimum at 7-8 days. 
The sole effect of the aminoacid addition was to depress the sudden rise of the 
specific activity attained during the lag exponential phase. 
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Fic. 2.— Arginase production and its modification by aminoacids during mutant growth. Long 

term experiment, with 6-hours determinations between 18 and 48 hours. Minimal medium always 

contained 25 yg of arginine chlorhydrate per ml. In the experiment with aminoacids, the me- 

dium was supplied with a mixture of 17 aminoacids in the proportion of 25 wg per ml of each 

one. Specific activity: Arginase units por pg of mycelia protein nitrogen. Total activity: Arginase 
units por total protein nitrogen of mycelia formed in 20 ml of culture medium. 
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Fic. 3.— Mutant growth and arginase production as influenced by the addition of two different 
doses of aminoacids to a culture medium of fixed arginine concentration (25 yg per ml). Amino- 


acids mixtures provided 10 and 4o yg of cach aminoacid per ml of culture medium. Arginase 
specific and total activities as in Fig. 2. 
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Fic. 4.—Growth and arginase production in the mutant strain as a function of arginine dose 
and their modification by aminoacids. Arginine doses in culture medium: 10, 25 and 40 pg per ml. 
Growth curves: a) medium supplied with aminoacids, b) medium without aminoacids. Arginase 
specific and total activities as defined in Fig. 2, c) medium supplied with aminoacids, d) medium 

without aminoacids. 


TABLE I 


Specific arginase activity of Neurospora conidia 


Arginase units/y,g protein 


Strain | Culture medium N/30 mimutes 
| 
| 
36703 Minimal -++ Arginine (*) 0.016 
Wild | Minimal 0.041 


| 


(*) 12,5 mg of Arginine hydrochloride per 100 ml of medium. 
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On the other hand the total arginase activity is higher in the presence of 
aminoacids. In both conditions —with and without aminoacids— it reaches a 
maximum between 48 and 98 hours, clearly appart from the maximum of the 
specific activity. 

b) When two different concentrations of aminoacid mixture were added to 
basal medium containing arginine (25 »g/ml) it was observed (Fig. 3) that both, 
growth and total arginase content, increased proportionally with the amount of 
aminoacid mixture added; but it was found out that the specific activity was 
depressed at the highest aminoacids concentration. 

c) Finally the effect of arginine concentration on the enzyme production 
was studied in basal medium with and without aminoacid mixture (Fig. 4). As 
already stated, the growth of the arginine-less mutant 36703 increased propor- 
tionally with the arginine concentration, the increase being higher for each dose 
of arginine in the presence of aminoacids. On the other hand the arginase 
specific activity was independent of the arginine doses. It was confirmed that 
a maximum of specific activity is attained at 24 hours, which afterwards dropped 
down to a stationary low value. The presence of aminoacids caused a consistent 
decrease of this maximum level. 


9 


3. Arginine uptake and arginase production by the wild and the mutant strains. 


The arginine uptake by the wild organism increased nearly proportionally 
to the body weight on the earlier stages. On the other hand, the arginine uptake 
was larger in the mutant and caused the accumulation of arginine in the first 
24 hours (Fig. 5). This arginine pool was used for the exponential cell mul- 
tiplication of the mutant and became consumed afterwards. 

Likewise, the arginase production had a dissimilar pattern in the wild and 
the mutant strains (Fig. 6). The arginase specific activity of the wild Neurospora 
was low in the first 24 hours but it increased rapidly from thereon. On the 
other hand, the arginase specific activity of the mutant was highest at 24 hours 
but it disminished slowly later on. The general shape of these curves was not 
modified by the addition of aminoacids. However, in the mutant the amino- 
acids supply tended to lower down the initial rise of the arginase specific 
activity. 

The total arginase content of the whole mycelia mass increased as did the 
body weight in the wild strain, but it remained nearly stationary in the mutant 
strain. 

Other metabolic characteristics of these Neurospora strains are assembled 
in Table II. 


The experiments reported here were mainly concerned with the synthesis 
of additional quantities of arginase in an arginine-less mutant of Neurospora 
crassa. The additional arginase was related with the concentration of arginine 
in the growth medium and with the different stages of the cultures. 

The evidence presented can be summarized as follows: a) although the 
arginase specific activity in the mutant conidia amounts to 39° of that of 
the wild type conidia, it increases more rapidily and surpasses that of the wild 
type during germination, b) the mycelial mass and the arginase content of 4-day 
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Fic. 5.— Concentration and content of arginine in the mycelia of wild and mutant Neurospora 
strains, and their modification by aminoacids. The arginine concentration is expressed as pg of 
arginine nitrogen per mg of dry mycelium. The arginine content or total arginine is expressed 
as pg of arginine nitrogen in the whole mycelia formed in 20 ml of culture medium. 
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Fic. 6.— Arginase synthesis in wild and mutant Neurospora strain and the effect therein of 
aminoacids added to the culture medium. Arginase specific and total activities as in Fig. 2. 
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cultures of the mutant, increase proportionally to the concentration of arginine in 
the growth medium. However, the arginase specific activity grows better than the 
tissue mass when the initial concentration of arginine in the medium is between 
5 and 20 »g/ml. This particular behaviour is attributed to the limited synthesis 
of average proteins at low arginine concentrations, thus the arginase would be 
less diluted out by the other cellular proteins, c) independently of arginine 
concentration in the medium, the total arginase and the mycelial mass of the 
mutant cultures increase during the exponential and the negative acceleration 
phases. They decrease slowly during the stationary phase. On the other hand, 
the specific activity increases abruptly between the 18th and 24th hour of 
incubation (period which corresponds to the onset of the exponential phase) 
reaching a maximum. Subsequently it declines throughout the rest of the ex- 
ponential and other stages. The maximum corresponds to 4 to 5 times the 
specific activity of conidia. This sharp rise in the specific activity persists longer 
in cultures supplied with higher arginine doses. 


TABLE Il 


Uptake and utilization of ammonia nitrogen by two strains of Neurospora crassa 
(Average figures for 96 hours cultures) 


Wild strain |36703 mutant strain 
| Without | With | Without = With 
| AA (*) AA 
Ammonia N consumed ............ mg | 3.5 $89 | 0.85 1.30 
mg | 1.03 1.19 0.34 | 061 
Protein | O64 0.85 | O15 0.35 
Protein N as % of total N ............ 62.00 | 71.00 43.00 59.00 
| 5.50 | 4.50 5.80 | 3.60 
0.18 | 0.22 O17 |. Of 
(*) AA = Amino acids. : 
(**) Utilization = mg of ammonia N invested when 1 mg of protein N is synthesized. 
(***) Efficiency = mg of protein N builded when 1 mg of ammonia N is uptaken. 


An induced synthesis of arginase has been demonstrated for the wild type 
grown under optimal conditions ('). In the mutant strain it is not possible to 
dissociate completely growth from enzyme induction, because the inducer acts 
at the same time as an essential growth factor. Nevertheless, the dependence of 
the specific activity upon the arginine concentration in the medium which may 
increase the arginase over the constitutive level, strongly suggests that in the 
mutant strain, a mechanism for induced arginase synthesis also exists. Whether 
this mechanism is similar to the one in the wild strain, remains to be seen. 

The steeper rate of arginase synthesis which occurs at the onset of cell 
multiplication fits well with the idea that arginase serves an essential linking 
function in the cell metabolism. Probably the function concerned here is to 
supply from arginine the precursors of aminoacids and pyrimidine bases through 
the ornithine cycle. This interpretation is parallel to the observations that a 
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maximum of biochemical activities such as CO, and NHg production (*) and 
RNA synthesis (7) is attained during the lag phase. 

The mutant strain, but not the wild type, accomplished a bulky accumulation 
of arginine, followed by its utilization, at the exponential period. There was a 
concomitant rise of the arginase specific activity. The subsequent rapid decay 
of this enzyme activity can be explained by the internal breakdown of arginine 
and the reduction of its external concentration. The removal of the products 
of intracellular hydrolysis shifts the reaction equilibrium to a larger arginine 
destruction, reducing in this way the internal concentration of the inducer 
substrate. An alternative explanation is that the actively growing cells have 
accumulated analogues of arginine (or of the effective inducer) which block 
the inductive power. 

On the opposite, the wild strain synthesized arginine and the complementary 
aminoacids from mineral nitrogen and used them to build proteins and nucleic 
acids. The general expansion of these synthetic mechanisms did not require a 
previous internal accumulation of arginine. As a consequence, the arginase 
specific activity increased smoothly during growth of the wild strain. The 
destroyed arginine can be continuously rebuilded in this strain, so the arginase 
activity stands higher during the stationary phase, keeping its normal rdéle in 
cell anabolism. 

Some facts about enzyme induced synthesis have been disclosed: 1) the cell 
pool of free aminoacids is the source of new formed protein (°. % 1° 11); 2) a pool 
of simple nucleotide seems to be needed (!*); 3) RNA, but not DNA is re- 
quired (1%); 4) there are specific cell acceptors where the inducer is fixed (!* 15). 

The enzyme synthesis utilizes the free aminoacid pool and the first stable 
intermediate must be seen as complex as a protein (°). The experiments of 
Rotman and Spiegelman (16) and those of Hogness, Cohn and Monod (!7) 
indicate that the split products of protein catabolism are not used, Protein 
synthesis appears to be an irreversible process. Some restriction to this concept 
emerges from Mandelstam’s work (18 1%) demonstrating that proteins are stable 
in rapid growing cells of Escherichia coli, but not in non-growing cells which 
exhibit a detectable protein turnover. 

The supply of 17 aminoacids to the culture medium of the Neurospora 
mutant, in suboptimal growth, increases the mycelia mass, the soluble proteins 
and the total arginase, but it partially inhibits the sudden burst of arginase 
specific activity when the exponential period starts. It appears that aminoacids 
discharge the arginine-arginase reaction from its “single road” quality, because 
they open new accesses for the synthesis of essential metabolites. This effect is 
consistent with the here admitted physiological réle of arginase in the mutant 
strain. When aminoacids are provided, the removal of the products of arginine 
hydrolysis become delayed and the arginine incorporation on average proteins 
enhanced. Then the amount of inducer gets down and the arginase specific 
activity does not rise to a so high lag-exponential level as in the mutant cultures 
deprived of aminoacids. However, the occurrence of a set of aminoacids enhances 
the synthesis of new arginase molecules and causes, in the mutant, a later 
sustained high level of specific activity, which is directly proportional to the 
amount of aminoacids added. 

The synthesis of nucleotide bases requires some aminoacids, as glycine, 
aspartic and glutamic acids. The mutant, when only supplied with arginine, 
elaborates the nucleotide precursors from the hydrolytic products of arginase 
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action, When the aminoacid mixture is added, the nucleotide synthesis becomes 
not absolutely dependent from arginine metabolites, then the general protein 
synthesis is improved and competes with arginase synthesis during the exponen- 
tial phase. 

When the mixture of aminoacids is given to the wild strain it causes a 
moderate increase of mycelial mass but produces no definite modification of 
the total and specific activity of arginase. 

Even though a demonstration of an induced synthesis of arginase in classical 
terms is practically impossible in the arginine-less mutant of Neurospora crassa, 
we could infer from the preceding data that the additional fraction of enzyme 
formed is adaptive and that the substrate acts as an inducer. 

Our findings suggest a new insight into the mechanism of induced enzyme 
synthesis. 

The intracellular activity of a constitutive enzyme is relatively constant 
because the inducer substrate to which it combines is a normal metabolite in a 
steady concentration. It has been shown possible, however, to increase largely the 
amount of a constitutive enzyme in animal tissues, by the administration of an 
excess of a normal metabolite (29.21), a reaction essentially similar to enzyme 
adaptation in microorganisms. The enzyme overproduction appears as a con- 
sequence of a greater rate of the release turnover of the enzyme at the surface 
of its nucleoprotein template, with the subsequent accelerated apposition of new 
enzyme molecules on this template by lining and binding the whole aminoacids. 

The adaptive enzymes are always cell constituents existing in so small 
amount that its demonstration can require refined techniques. This tracer con- 
centration, indicating the presence of a small template, is several times increased 
by the action of an inducer (substrate or non-substrate) that forms a complex 
with the enzyme and increases the enzyme delivery rate from the template. By 
this mechanism, the synthesis of new enzyme molecules is started and hastened. 

The fact that the neoformed enzyme dissapears when the inducer is removed 
demonstrates that the template size does not change during induction but only 
its functional turnover. However, it is not excluded that in uncommon cases, 
the magnitude of the template is also expanded and the enzyme synthesis may 
proceed longer time at a high rate, as occurs in the Pollock phenomenon (??). 

On this ground, we think that the accessory amount of arginase formed by 
the Neurospora mutant as a function of the increasing arginine concentration 
in the medium and its acute rise when cell multiplication begins to accelerate, 
implicates a reaction which cannot be distinguished from enzyme adaptation. 


SUMMARY 


1. Arginase is a constitutive enzyme of conidia and mycelia in an arginine- 
less mutant of Neurospora crassa, whose concentration is adaptively increased 
by an inducer action of the substrate. In our experimental conditions, it has not 
been possible to dissociate enzyme synthesis from growth, because the substrate 
is also an essential growth factor. 

2. The arginase specific activity of this Neurospora mutant increases to 
a maximum value at the onset of the exponential growth phase, when arginine 
is also accumulated into mycelia. These peculiar reactions are not shown by 
Neurospora wild strain. 
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3. The variations of arginase specific activity during the growth phases and 
the effect of the supply of a mixture of 17 aminoacids on these changes, demons- 
trate an important linking role of arginase on the mutant biochemical synthesis. 
Splitting of arginine sets in motion production of metabolites required for 
building of proteins and nucleotides, from which the chemical machinery of the 
cell is organized. 

4. On a theoretical approach, we consider as an anzyme inducer any com- 
pound that speeds the delivery turnover of the enzyme from its ribonucleo- 
protein matrix, through a complex-forming mechanism; we qualify as enzyme 
adaptation the process in which enzyme synthesis is promoted by acceleration of 
this turnover. 
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LAS CONTRACCIONES ISOTONICAS DE LOS MUSCULOS 
ESTRIADOS 


RAFAEL Rusio G. 


(Seccién de Investigacién de Medicina Fisica, 
Hospital Infantil de México, México) 


ANTO el musculo como la fibra muscular estriada son sistemas elasticos hete- 
T rogéneos. Incluyen elementos elasticos pasivos en serie y en paralelo con 
los elementos contractiles. 

Varios autores (!:?,5) han hecho notar que la existencia de los elementos 
pasivos en serie hace imposible que el sistema contractil se active isométri- 
camente. 

El propésito del presente trabajo fué analizar el papel de los elementos 
pasivos en paralelo, usando fibras musculares que no eran activadas al aplicar 
pulsos eléctricos al nervio motor. Que los elementos pasivos en paralelo impiden 
el desarrollo de contracciones isotoénicas ha sido mencionado por Hill (°). 


METODO 


Se emplearon ratas, anestesiadas con nembutal (50 mg/kg) por via intrape- 
ritoneal. E] miasculo elegido fué el gastrocnemio, liberado del sdleo. Se machacé 
el nervio popliteo y se le colocd, en el cabo distal, un par de electrodos para esti- 
mulacién. La pata se fij6 en los puntos apropiados y se unid, por medio de un 
hilo, el tendén de Aquiles a una palanca de tipo isoténico que inscribia sobre 
un quimografo. 

Los estimulos empleados fueron pulsos rectangulares de intensidad maxima 
y de frecuencia entre 50 y 70 por segundo. Los periodos de estimulacién fueron 
lo suficientemente prolongados para obtener el maximo de las respuestas. 

En unos experimentos, se colocaron dos pares de electrodos de estimulacién 
al popliteo y se hizo una seccién parcial del nervio entre ellos, de tal manera 
que a través del par inferior se activaban todas las fibras musculares y con el 
par superior, sdlo una fraccién. 


Recibido para publicacién, Agosto 15, 1959. 
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En otros experimentos, se registraron independientemente las respuestas de 
cada uno de los gemelos; en estos casos, siempre se activaron todas las fibras 
musculares, 


RESULTADOS 


I. Diagramas de tensidn-longitud, obtenidos independientemente de cada 
uno de los gemelos. La figura 1 muestra los diagramas de tensién-longitud (T-L) 
correspondientes a ambos gemelos. En estos diagramas, al igual que en las si- 
guientes figuras, las ordenadas representan la longitud del musculo y las abscisas 
la carga a la cual se encuentra sometido. La curva inferior es el diagrama de 
T-L de reposo y la curva superior, el correspondiente al musculo estimulado. 

Las cruces de la figura 1 corresponden al diagrama de T-L obtenido para 
la fracci6n muscular mds pequefia y los circulos, al obtenido para la fraccién 
mayor. Para lograr esta superposicién aceptable entre los diagramas de T-L de 
ambas fracciones musculares, se emplearon dos escalas en el eje de las cargas, 
cuya razon es de 4.5; la escala superior de la figura 1, corresponde a las cruces 
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Fic. 1.—Diagramas de tensidn-longitud, correspondientes a los gemelos de un mismo gastroc- 
nemio; estos diagramas fueron tomados simultdnea e independientemente. Las cruces represen- 
tan los diagramas de T-L de la fraccién muscular mds pequena (0.285 g), los circulos corres- 
pondientes a la fraccién mds grande (1.3 g). La escala superior de las abscisas, corresponde 
a las cruces y la inferior, a los circulos. En todas las figuras de este trabajo, la curva superior 
representa el diagrama de T-L del miusculo contraido y la curva inferior, el misculo en reposo. 
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Fic. 2.— Registro quimiogrdfico de los acortamientos de un gastrocnemio al aplicar estimulos 

en 3 pares de electrodos, colocados en el nervio motor, I, II y III, segun el diagrama inferior 

de la figura. En el espacio existente entre cada par se hizo una seccién parcial del nervio. El 

numero romano abajo de cada respuesta indica el par a través del cual se origind ésta. 

El primer y tercer trio de respuestas se obtuvieron con 20 gramos; el segundo y cuarto 
trio, con 500 gramos. 
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Fic. 3.—Diagramas de tensién-longitud. Tridngulos: estimulacién del 100 por ciento de las 

fibras. Puntos: activacién de sélo una fraccién de ellas. La curva de las cruces, corresponde 

a la razén que hay entre las cargas de las curvas de puntos y la superior de tridngulos. La 
escala superior de las abscisas, se refiere a la curva de cruces. 
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y la inferior a los circulos. La raz6n de 4.5 es aproximadamente igual a la que 
habia entre las masas de ambas fracciones musculares. Estos resultados, estan 
de acuerdo con la idea de que se puede reducir la forma geométrica, de ambos 
gemelos, a dos cilindros de igual altura y diferente area de seccién, puesto que, 
al estar constituidos por la misma substancia, las areas de seccién estan en razén 
directa a las masas musculares. 

Il. Efecto de la carga y del numero de elementos pasivos en paralelo sobre 
la magnitud de la respuesta isoténica. Se colocaron tres pares de electrodos en 
el nervio motor como indica el diagrama en la parte inferior de la figura 2. 
En la separacion existente entre cada par se hizo una seccion parcial del nervio, 
siendo mayor la seccién entre los pares II y III que entre los pares I y II. Al 
estimular en II y en III las fibras musculares que no eran activadas actuaban 
como elementos pasivos en paralelo, siendo mayor este numero de elementos al 
estimular en III. El registro fué hecho tomando toda la masa muscular. 

El primer grupo de respuestas de la figura 2 fué obtenido al estimular sepa- 
radamente a través de cada uno de los pares y estando el musculo sometido a 
una carga de 20 gramos. El segundo grupo, fué obtenido estando el miusculo 
sometido a una carga de 500 gramos; el tercer y cuarto grupos son una repe- 
ticién del primero y segundo. 

Al comparar las respuestas obtenidas estimulando en II y III, con las obte- 
nidas estimulando en I, es claro que la discrepancia en la magnitud de las res- 
puestas se acentia al aumentar la carga. Esta discrepancia es mas acentuada 
mientras mayor es el numero de elementos pasivos en paralelo, como lo indican 
las respuestas obtenidas al estimular en III. 

III. Diagramas de T-L al introducir elementos pasivos en paralelo, Los datos 
de estos diagramas fueron obtenidos colocando dos pares de electrodos al popli- 
teo y haciendo entre ellos una seccién parcial del nervio. Los resultados se 
ilustran en la figura 3. La curva inferior corresponde al diagrama de T-L de 
reposo, la curva media (puntos), al obtenido al estimular a través de los elec- 
trodos distales, y la curva superior de triangulos, al obtenido al aplicar los 
estimulos al par proximal y activar todas las fibras musculares. 

La razon P,/Py que existe para una longitud dada entre las cargas que 
tienen a esa longitud los diagramas de T-L de miusculo contraido (curvas de 
puntos y tridngulos) graficada contra la longitud, esta representada por la curva 
de cruces. La escala superior de las abscisas corresponde a la razon P,/Py. Este 
cociente no fué constante en ninguno de los experimentos. 

En el experimento ilustrado en la figura 3 el nimero de fibras musculares 
que actuaban como sistemas elasticos pasivos en paralelo corresponde al 64 por 
ciento de la masa muscular; los elementos activos eran el 36 por ciento. En la 
discusién se indicara cémo se determinan estos porcentajes. 


DiscusiON 


Llamemos P,; (L,) a la carga que soporta el musculo cuando al acortarse al 
maximo adquiere longitudes proéximas a 2.5 centimetros. Esta es la longitud que 
se asigné a los musculos estudiados en reposo y con carga cero. Si se estimula 
solo un grupo de fibras musculares, las no estimuladas se encuentran en equi- 
librio a esta longitud con carga cero y, por consiguiente, toda la carga Py, (L,) es 
soportada por las fibras que han sido estimuladas. Al estimular todas las fibras, 
la carga P; (L,) necesaria para que el musculo al acortarse al maximo adquie- 


a 


| 
| 
> 
| 
{ 
- 
y 
? 


502 RUBIO 


25- 


3.0 4\\ 


(LP), (Le Ps) 
2. 
\ 
3.54 \ \ 
Ly \ 
(LyP)) (Ly Fe) (Ly Ps) + (L,P,) 


NA 


Fic. 4.— Para la explicacién de esta figura véase la discusién. 


ra la longitud de 2.5 centimetros es mayor que P,, (L,) (fig. 3). En la seccién I se 
mostré que para una longitud dada, la raz6n de las cargas que soportan dos 
masas musculares a esa longitud ya sea contraidos o en reposo es igual a la razon 
directa de las masas musculares (fig. 1). Por lo tanto, la razén de las cargas 
Pi; (L.) y Py (L,) nos dice qué porcentaje de la masa muscular total representa 
el grupo de fibras activadas al aplicar estimulos a través del par de electrodos 
colocados después de la seccién parcial del nervio; la diferencia de este por- 
centaje con cien, representa el correspondiente a los elementos que actuaban 
como pasivos en paralelo. 

Los datos de la figura 4 corresponden a un experimento en el que el 37 por 
ciento de las fibras musculares actuaban como elementos pasivos en paralelo y 
el 63 por ciento como elementos activos. Considerando los datos presentados 
en la seccién I podemos decir que a cualquier longitud en el diagrama de 
T-L de reposo del musculo, el 37 por ciento de la carga era sostenido por las 
fibras que no se contraen y el 63 por ciento por las que se activan. Las curvas 
A y B de la figura 4 representan los diagramas de T-L de reposo del 37 y 63 
por ciento de las fibras del musculo. Los puntos de la figura 4 representan el 
diagrama de T-L del musculo contraido obtenido al aplicar estimulos a través 
del par de electrodos colocado después de la seccién parcial del nervio. 

Supongamos que se cuelga al musculo una carga igual a P; que lo estira 
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hasta L,; a esta longitud los elementos activos quedan en equilibrio con la 
carga Ps y los pasivos con P,, ambas cargas son el 63 y 37 por ciento de P,;, 
respectivamente, Al estimular, las fibras activas y las no activas se acortan hasta 
L.; a esta longitud, los elementos pasivos estan en equilibrio con la carga P, y 
los activos con la carga P; — P,; = Py, puesto que la carga en los extremos del 
musculo debe permanecer constante. Esto nos muestra que los elementos acti- 
vos no se acortan siguiendo la vertical (L,, Ps) (Ly, Ps) sino siguiendo la curva 
(L,, Pg) (Le, Py), 0 sea, al acortarse no lo hacen isot6nicamente sino con un 
aumento continuo de carga. 

Los puntos marcados por cruces en la figura 4 representarian la curva de 
las clispides si al estimular el grupo activo unido en paralelo con el grupo 
pasivo, se contrajeran en forma isoténica, pero considerando que hay un incre- 
mento de carga para los elementos activos, este incremento desplaza las cuspides 
hacia los puntos marcados por circulos, que se encuentran en la horizontal co- 
rrespondiente a cada cruz. Todo el razonamiento anterior explica por qué en la 
figura 2 la discrepancia en la magnitud de las respuestas obtenidas al estimular 
a través de los pares II y III comparado con los obtenidos estimulando en I, se 
acentuan al aumentar la carga y explica, ademas, por qué esta discrepancia 
es mas acentuada mientras mayor es el numero de elementos pasivos en para- 
lelo. Todo esto es debido a que las formas de las curvas son tales que un 
pequeno acortamiento de los elementos activos a cargas grandes determina para 
ellos un incremento grande de carga y este incremento es mayor al aumentar 
el numero de elementos pasivos. 

Se dijo que al estimular el grupo activo, estando éste unido en paralelo 
con el grupo pasivo, se obtiene la curva representada por puntos en la figura 3. 
Estos puntos no representan el diagrama de T-L del grupo activo puesto que 
estan graficadas las longitudes L, contra las cargas P;; el diagrama que re- 
presenta al grupo activo estimulado es el que grafica L, contra P4, o sea, el 
correspondiente a los circulos (fig. 4). Esto explica por qué la razon P;/Py, de 
la figura 3 no es una constante; P;; es en este caso igual a P;, si se graficase 
P,/P4 se encontraria que es una constante. Esta es una inferencia sacada al con- 
siderar lo comunicado en la seccion I. 

Ya se dijo que la curva obtenida al estimular al grupo activo estando unido 
en paralelo al grupo pasivo, no representa el diagrama de T-L del primero. 
Contamos con dos métodos para la determinacién del diagrama de T-L del 
grupo activo. 

1° Si se conoce el porcentaje de elementos activos y el diagrama de T-L 
correspondiente a las cuspides del total de los elementos musculares, como 
justifica la seccién I, basta graficar las longitudes de este diagrama, no contra 
las correspondientes cargas totales, sino contra el porcentaje de las cargas igual 
al porcentaje de elementos activos, 

2° La curva obtenida al estimular el grupo activo estando unido en para- 
lelo al grupo pasivo, no representa el diagrama de T-L del primero porque, 
como ya se dijo al analizar la figura 4, esta curva corresponde a (Lg, P;), mien- 
tras que la correspondiente al diagrama de T-L es la de (Ly, Py). El procedi- 
miento para calcular Py fué el siguiente: conociendo los diagramas de T-L de 
reposo del grupo pasivo y del activo (curvas A y B) y los acortamientos maximos 
(Ly-L,) que sufre el musculo al ser estimulado a las diferentes longitudes ini- 
ciales (L,), se pueden determinar los incrementos de carga sobre P; que sufren 
los elementos activos al acortarse; estos incrementos son iguales a los decrementos 


q 

a 

a 

4 


304 RUBIO 


025 os Kg. 


cm. 


iy 
“aw Ne 


Fic. 5.— Para la explicacién de esta figura véase la discusién. 


que ocurren en los pasivos a partir de P,, decrementos representados en la 
figura 4 por P,-P,. Asi la carga P, queda determinada al sumar P,-P, a Pz. 

Las curvas de la figura 5 fueron construidas con los datos de la figura 3. 
Las curvas A y C describen los diagramas de T-L de reposo, correspondientes 
a los elementos activos y pasivos respectivamente; como ya se dijo, los elementos 
activos representaban el 37 por ciento de las fibras musculares y el 63 por ciento 
restante correspondia a los pasivos. La curva B corresponde al diagrama de 
T-L del 37 por ciento de los elementos activos, calculada aplicando el primer 
método arriba mencionado, La curva D es la experimental obtenida al estimular 
los elementos activos estando unidos en paralelo con los pasivos. Los circulos 
corresponden a las relaciones (Ly, Py) calculados al aplicar el segundo método. 
Los puntos marcados con cruces tienen la misma representacién que en la fi 
gura 4. La curva B, como la correspondiente a (L,. P,), representa el diagrama 
de T-L de los elementos activos y, por lo tanto, deberiamos esperar una super- 
posicién de ambos. Los circulos se superponen en la curva B para las cargas 
pequefias y no para las grandes. La desviacién con las cargas grandes es explica- 
ble al tomar en cuenta la histéresis de las fibras que no se contraen; consideran- 
do este factor, los circulos con cargas grandes deberian correrse a la derecha, 
puesto que el incremento de carga seria mayor. 

Apoya esta idea de la histéresis el hecho de que la desviacién de los circu- 
los a la curva tedrica ocurrié siempre a cargas grandes. 
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RESUMEN 


La forma como esta estructurado el musculo, hace imposible obtener con- 
tracciones isoténicas 0 isométricas puras. 

Se empled el gastrocnemio de la rata. En unos experimentos se registré 
independientemente de cada uno de los gemelos, aplicando estimulos maximos 
al popliteo con frecuencias de 50 a 70 por segundo. Los diagramas de tensién- 
longitud (T-L) de las dos fracciones, se superponen al ajustar las escalas de los 
ejes de las tensiones, de tal modo que guarden la misma razén que los pesos 
musculares. 

En otros experimentos, se colocaron dos pares de electrodos de estimulacién 
en el popliteo y se hizo una seccién parcial del nervio entre ellos. El par inferior 
activaba todas las fibras motoras, el superior, sélo una fraccién. Los diagramas 
de T-L no se pueden ajustar como antes. Conociendo el diagrama T-L de re- 
poso de las fibras que no se contraen, se puede corregir el correspondiente a 
la fraccién de fibras activas y obtener el diagrama real de éstas. 

Estos resultados, indican que al acortarse un musculo cambia la distribucién 
de la carga entre los elementos activos y los elasticos pasivos en paralelo. Como 
consecuencia, la contraccién no es isoténica. 


SUMMARY 


A study was made of the isotonic contraction of rat gastrocnemius muscles. 

It was found that the structural organization of the muscle made it impos- 
sible to obtain strictly isotonic contractions. 

In some experiments contractions were recorded independently from the 
medial and from lateral gastrocnemius. Stimuli were applied to the popliteal 
nerve at a frequency of 50-70/sec. 

The tension-length (T-L) diagrams of the medial and lateral muscle can 
be superimposed by adjusting the abscissas so that the tension scales bear the 
same relation as that of the muscles weights (fig. 1). 

In other experiments a partial section of the popliteal nerve was made. 
A pair of stimulatory electrodes were placed at each side of the section, so 
that of the central pair stimulated only a fraction of the motor fibers to the 
muscle, while the more distal one activated all of them. 

The two (T-L) diagrams obtained in these conditions can not be adjusted 
as before. Nevertheless in the case that the muscle was activated through the 
central electrodes, the resting T-L diagram of the unstimulated fibers can be 
determined and a correction may then be made to the experimental T-L diagram 
to obtain that of the activated fibers (fig. 5). 

These results show that, at shortening there is a change of the distribution 
of loads between the active and the passive parallel elements of muscle and so 
the contraction can not be isotonic (fig. 4). 
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LA DISTRIBUCION DE LA TENSION EN EL MUSCULO 
DURANTE EL REPOSO Y LA CONTRACCION 


RAFAEL RusBio G. 


(Seccion de Investigacién de Medicina Fisica, 
Hospital Infantil de México, México) 


uBio (°) analizé6 el papel que desempenan en la contraccidén los tejidos 
R elasticos pasivos en paralelo del musculo y sugirié que su existencia no 
hace posibles las contracciones isoténicas. 

En un trabajo anterior, Rosenblueth, Alanis y Rubio (*) discutieron el dia- 
grama de tensién-longitud del musculo contraido isométricamente, que han des- 
crito Hill (5) y otros (1% 11), En ese diagrama, al aumentar la longitud, la tensién 
del musculo contraido aumenta hasta alcanzar un maximo, luego cae para al- 
canzar un minimo y empezar otra vez a crecer; con alargamientos grandes tiende 
a juntarse con el diagrama de tensién-longitud de reposo. En nuestros experi- 
mentos no encontramos diagramas con estas caracteristicas y pensamos que, si 
son aceptados, habria que atribuirle a los musculos propiedades elasticas hasta 
ahora no descritas para ningun cuerpo. Interpretamos sus resultados como de- 
bidos a que al ir estirando progresivamente al musculo, se provocaron cambios 
no reversibles. 

Por otra parte, se ha supuesto que la tensién del componente activo del 
musculo es igual a cero durante el reposo (1: 6 7). 

E] presente trabajo fué planeado para intentar resolver estos problemas. 


METODO 


Se emplearon ratas, anestesiadas con nembutal (50 mg/kg) por via intra- 
peritoneal. Se seccion6é el nervio ciatico al nivel del trocanter. Se disecéd el po- 
pliteo y se le pusieron en el cabo distal un par de electrodos para estimulacion. 
El musculo empleado fué el gastrocnemio, liberado del soleo. Después de fijar la 
pata en los puntos apropiados se unié por medio de un hilo el tendén de Aqui- 
les, que se habia previamente desinsertado del hueso, a una palanca de tipo 
isotonico que inscribia sobre un quimdgrafo. La duracioén de los estimulos fué 
de 0.5 a 1.0 milisegundos, y la intensidad dos veces la maxima, las frecuencias de 
estimulacién fueron tetanizantes y su valor se indicara en cada caso. 


RESULTADOS 
A. La trreversibilidad de los diagramas de tensidn-longitud con cargas gran- 


des, La figura | muestra unos diagramas de tensién-longitud llevados hasta cargas 
donde se aproxima el diagrama de tensién-longitud del musculo contraido con 
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el del musculo en reposo. Las abscisas representan la carga a la cual estaba 
sometido el musculo y las ordenadas los incrementos de longitud a partir de 
un cero arbitrario. Las dos curvas inferiores representan los diagramas del muscu- 
lo en reposo; las cruces corresponden a los valores obtenidos al aumentar las 
cargas, como indica la flecha en la curva; los circulos representan al diagrama 
obtenido al disminuir la carga. Las dos curvas superiores muestran los diagra- 
mas correspondientes del musculo contraido, 

" El] primer punto de esta figura corresponde a una carga de 700 g. El numero 
de puntos, tanto de aumentos como de disminuciones, es pequeno. Esto se hizo 
con el propdsito de evitar que el miusculo se fatigase. Se toméd la precaucién 
adicional de dar al musculo sin ninguna carga un reposo de 10 minutos entre 

cada periodo de estimulacién. En lo referente a los diagramas de las cuspides, 

\ los experimentos mostraron en general que mientras mayor la carga maxima 

aplicada en los aumentos, mas grande la discrepancia con el diagrama de las 

disminuciones. Al volver a aumentar las cargas se obtenian valores iguales a 

los de la curva de las disminuciones, 0 sea que el musculo quedaba en un nuevo 

equilibrio. Esto implica que no es por fatiga por lo que se van juntando los 
diagramas de tensidn-longitud, ni es por fatiga por lo que el diagrama de 
las disminuciones queda por abajo del de los aumentos, porque de ser la fatiga 

Ja responsable, al volver a aumentar la carga el tercer diagrama quedaria to- 

davia mas abajo. 

B. La influencia de la longitud en la irreversibilidad de los diagramas de 
tension-longitud. La primera respuesta de la figura 2 fué obtenida estimulando 

a 60 por segundo, estando sometido el musculo a una carga de 100 g. Después 


08 2 Kg 
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Fic. 1.— Diagramas de tensién-longitud. Las dos curvas superiores corresponden a las ciispides 

de tétanos isoténicos y las dos inferiores al miisculo en reposo. Las cruces fueron obtenidas 

aumentando la carga, como muestra la flecha; los circulos corresponden a los diagramas de 
regreso. Frecuencia de estimulacién 7o por segundo. 
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Fic. 2. — Registros isoténicos originales que muestran el efecto del alargamiento y la contraccién 
con cargas grandes sobre la magnitud de las respuestas con cargas pequenas. Explicacion en el 
texto. El dibujo de la derecha es un diagrama del modelo mecdnico aceptado para el miisculo. 


de un periodo de reposo se estiré el musculo con un peso de 1200 g sin es- 
timular, Se quité la carga y se volvié a estimular bajo la carga de 100 g (2? res- 
puesta). Se repitid el estiramiento y se volvié a estimular con 100 g (3# respues- 
ta). Al someter por tercera vez al musculo a la carga de 1200 g se estimulé con 
una frecuencia de 90 por seg (4% respuesta). Se empleé esta frecuencia elevada 
con el propésito de que el acortamiento bajo esta carga fuera considerable. Se 
quité la carga y después de un reposo de 15 minutos se volvié a estimular a 
60 por segundo con 100 g (5% respuesta), En este momento la anestesia era 
ligera y el animal se movia al estimular; de ahi la vibracién observada en la 
respuesta. Un minuto después se colgaron al musculo 1200 gramos y se estimuld 
a 90 por segundo (6# respuesta). Se quité la carga y se administré mas nem- 
butal al animal y 30 minutos mas tarde se estimul6 nuevamente a 60 por se- 
gundo con 100 g. La 2? y 3# respuestas con 100 g son semejantes a la 1# a 
pesar de los dos alargamientos. La 5? y la 7# respuestas son mds pequefias, 
debido a que se contrajo el musculo con la carga de 1200 g. Estas respuestas 
son de magnitud semejante, lo cual esta de acuerdo con lo dicho en la seccién 
anterior respecto a que el diagrama de tensién-longitud se repite. Los experi- 
mentos mostraron que la discrepancia entre las respuestas con una carga baja, 
antes de contraerse el musculo con la carga grande, y las obtenidas después, 
fué mayor cuanto mas grande la carga y el acortamiento que sufrié el musculo 
bajo dicha carga. 

C. La influencia de la contraccién con cargas grandes sobre el diagrama de 
tensidn-longitud de reposo. Es bien sabido que al alargar un musculo en reposo 
gradualmente y después soltarlo, regresa con longitudes mayores para las dife- 
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rentes cargas. La curva de regreso se repite si se vuelven a aumentar las cargas 
y después se vuelven a disminuir; esta repeticidn ocurre siempre que no se 
sobrepase la carga maxima aplicada al obtener el primer diagrama de tensién- 
longitud. La curva de las cruces de la figura 3 es un diagrama de tensién-lon- 
gitud de reposo obtenido estirando primero al musculo con 800 g, después 
disminuyendo las cargas, y finalmente volviendo a aumentarlas. En seguida, es- 
tando sometido el musculo con la carga de 800 g, se estimulé con una frecuen- 
cia de 100 por seg. La cluspide de la respuesta que se obtuvo esta representada 
por la cruz al final de la vertical trazada a esta carga. Obsérvese que la lon- 
gitud minima que adquirié el musculo al estimularlo fué menor que la longi- 
tud que tenia en reposo con la carga de 20 gramos. Después de esta estimulacién 
el diagrama de tensién-longitud de reposo se modificé obteniéndose la curva de 
los circulos. Esta curva se recorrié cuatro veces sin cambios. 


DIscusiON 


I. Un modelo apropiado que se ha propuesto para los elementos elasticos 
del musculo (?) 5) esta representado por el esquema que aparece en la figura 2. 
La rama S§ representa un elemento elastico pasivo en paralelo con la rama C, que 
incluye el componente contractil (A), en serie con un elemento elastico pasivo. 
Las propiedades elasticas de los elementos pasivos son independientes de la 
actividad del sistema contractil, es decir, que los sistemas pasivos siguen un 
diagrama de tensién-longitud invariable. 

La discontinuidad que muestran en la parte superior las dos ramas del 
modelo de la figura 2, se hizo con el propdsito de sefialar que la longitud 
del modelo en la figura no es la del musculo con carga de 100 g. El extremo 
inferior del modelo con esta carga se hizo coincidir con la basal de 100 g del 
registro quimografico. La parte inferior punteada representa el alargamiento 
que sufrié el musculo al colgarle 1200 g. Dos condiciones debe llenar el mode- 
lo. Las longitudes de ambas ramas deben ser en cualquier momento iguales. La 
tensién Ps, en la rama S mas la tensién Pg, en la rama C debe ser siempre igual 
a la tensién registrada en los extremos del musculo. 

o- 
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Fic. $.—Diagramas de tensidn-longitud de reposo. Las cruces fueron obtenidas antes de que 
se contrajera el misculo con la carga de 800 gramos al ser estimulado a 100 por segundo. 
Los circulos fueron obtenidos después. 
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La figura 2 muestra que al volver a estimular bajo la carga de 100 g des- 
pués que el musculo se contrajo con 1200 g, la respuesta fué menor. Sugerimos 
que esta disminucién es debida a que el numero de elementos activos era mas 
pequeno. Llamemos P’s y P’, a las tensiones en las ramas S$ y C cuando el 
musculo estaba estirado con 100 g. y Ilamemos P’”, y P”, a las tensiones con 
la carga de 1200 g. Es claro que P”, > P’s. Cuando el musculo fué estimulado 
estando sometido a la carga de 1200 g, se acorté hasta adquirir una longitud 
minima un poco menor que la que tenia en reposo con 100 g. Por lo tanto la 
tension P, disminuyé de P”, a un valor un poco menor P’s. En consecuencia 
la tensién Py aumenté continuamente a! irse acortando el miusculo de tal ma- 
nera que P, > P”,. El aumento de P, puede ser tan considerable que al irse 
acortando el musculo, produce un rompimiento en alguna parte de la rama C 
de algunas fibras del musculo y, puesto que el aumento de P, es continuo, los 
rompimientos de los distintos elementos deberian ir ocurriendo a diferentes 
niveles de la contraccién. Al alcanzarse la cuspide de la respuesta el musculo 
cuenta con un numero de elementos activos menor que el ntimero con el que 
inicié la contraccién, El argumento implica que mientras mas grande es el 
acortamiento, mayor es el incremento de P,; por lo tanto el nimero de ele- 
mentos que se rompen debe ser mayor. Esto esta de acuerdo con lo senalado 
en la seccién B con respecto a la discrepancia entre las respuestas con una carga 
baja antes de contraerse el musculo con una carga grande, y las obtenidas des- 
pués. La discrepancia es mas acentuada mientras mas grande es la carga y 
mientras mayor el acortamiento del musculo con esta carga. 


II. La irreversibilidad de los diagramas de tensidn-longitud tomados con 
cargas altas. En la seccién I se mostré que al contraerse el musculo con cargas 
grandes, la cuspide de la respuesta se alcanza con un numero de elementos 
activos menor que el ntimero con que se inicié la contraccién y que esta dis- 
minucién es mayor al aumentar la carga. Esta inferencia esta de acuerdo con lo 
sefalado en la seccién A respecto a la diferencia entre los diagramas de tensién- 
longitud de las cuispides de las respuestas (fig. 1); la diferencia se acentua mien- 
tras mayor es la carga maxima aplicada. 

De acuerdo con lo anterior, los diagramas de tensién-longitud comunicados 
por Hill (5), Wilkie (11) y Schottelius y Senay (!°) mencionados en la introduc- 
cién, pueden explicarse como sigue: la curva C de la figura 4 corresponde al 
diagrama de tensién-longitud de las cuspides de las respuestas isométricas de un 
musculo al ir aumentando la longitud. Supongamos que estando el musculo a 
la longitud L,, se le estimula y la tensidn en los extremos del musculo alcanza 
al valor P,. Al alargar el musculo de L, a Ly y estimular, el alargamiento y el 
aumento de tensién pueden ser suficientes para provocar el rompimiento de 
algunos elementos durante el desarrollo de la contraccién; en lugar de alcan- 
zarse la tensién P’, (punto en la curva C) sdlo se alcanza la tensién Py. Si se 
hubieran registrado regresos, éstos seguirian la curva C,. Un alargamiento ulte- 
rior hasta Ly, provoca, al estimular, la ruptura de mas elementos durante el 
desarrollo de la respuesta y sdlo se alcanza la tensién Pz en vez de P’3. Los 
regresos a partir de Lg darian la curva Cy. La prolongacién en punteado de 
las curvas C, C, y Cy corresponde a los valores longitud y tensi6n si no ocu- 
rriera ningin rompimiento de los elementos musculares. De hecho estas curvas 
sdlo son definibles hasta los puntos (L,, P,), (Ly, Ps) y (Ls, Ps), respectivamen- 
te, y la unién de estos puntos por una curva corresponde a la comunicada por los 
autores arriba mencionados (5: 1°11), En realidad esta curva no es un diagrama 
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Fic. 4.— Diagramas tedricos de tensidn-longitud: C, Cy y Cy diagramas del misculo contraido 
isométricamente. Cg, diagrama de reposo, La curva que pasa por los puntos (Ly, P,), (L2, P2) 
y (Lg, Pg) corresponde al diagrama de tensién-longitud propuesto por Hill (5). Véase la discusion. 


de tensién-longitud, puesto que es la unién de los puntos extremos de una 
serie de diagramas de tensién-longitud. 
Un anialisis semejante es aplicable a los resultados sefialados en la seccién A. 


ILI. La tensién en el componente contractil durante el reposo. Banus y 
Zetlin (1) comunicaron que la vaina de tejido conjuntivo del gastrocnemio de 
la rana daba un diagrama de tensién-longitud semejante al de reposo del musculo 
integro. Ramsey y Street (7) en fibras musculares unicas machacaron la parte 
central rompiendo el sarcoplasma en esa regién y vieron que el diagrama de 
tensidn-longitud de reposo de la fibra antes y después del machacamiento eran 
semejantes; concluyeron que el sarcolema es la estructura que determina la 
tensién de la fibra muscular en reposo. De acuerdo con lo expuesto por estos 
autores se ha supuesto que el componente contractil en reposo no es elastico 
sino plastico y, por lo tanto, que a cualquier longitud su tensién es cero (°). 
Casella (4) repitié el experimento de Ramsey y Street, tomando el diagrama de 
tensidn-longitud, no de toda la fibra, sino sdlo de la regién machacada y encon- 
tré que los diagramas de tensién-longitud antes y después del machacamiento 
eran muy diferentes y que, al contrario de lo indicado por Ramsey y Street, el 
sarcolema no ejerce una influencia apreciable en la tensién de reposo antes de 
ser estirado al 150 por ciento de su longitud con carga cero. Buchthal y Weis- 
Fogh (°), en musculo de insectos, encontraron resultados semejantes a los de 
Casella. 

En la seccién C se sefialé que el diagrama de tensidn-longitud de reposo se 
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modifica cuando el musculo se contrae con cargas grandes (fig. 3). En las seccio- 
nes I y II se mostré que al contraerse un musculo con cargas grandes ocurre 
un rompimiento en la rama C (fig. 2) de algunos elementos musculares. Si la 
rama C en reposo no ejerciera ninguna tensiédn, como sugirieron Banus y 
Zetlin (1), Ramsey y Street (7) y Jewell y Wilkie (°), el diagrama de tensién- 
longitud de reposo no deberia modificarse por haberse contraido el musculo 
con una carga de 800 g (fig. 3). El hecho de que se haya modificado dando 
mayores alargamientos para las mismas cargas, implica que al haberse debilitado 
la rama C una fraccién mayor de la carga debe ser sostenida por la rama S. 
Estos hechos y su interpretacién estan de acuerdo con lo comunicado por Ca- 
sella (4) y Buchthal y Weis-Fogh (°). 


RESUMEN 


Se estudié el gastrocnemio de la rata. Se estimuldéd el cabo periférico del 
nervio motor con estimulos maximos cuyas frecuencias variaron de 60 a 100 por 
segundo. Los resultados muestran que los diagramas de tensidn-longitud del 
musculo en reposo y contraido se modifican si el musculo se contrae con cargas 
grandes (figs. 2 y 3). Al analizar los resultados se llega a la conclusién de que 
estos cambios se deben a que durante el acortamiento hay un aumento de tensién 
en el componente contractil del musculo con ruptura de algunas fibras. Se con- 
cluye también que el sistema contractil en reposo es eldstico y no plastico como 
ha sido sugerido (® 7), 

Se sugiere que los diagramas de tensién-longitud atipicos encontrados por 
Hill (°) y otros (#% 14) para las contracciones isométricas son curvas que repre- 
sentan los puntos hasta los cuales son definibles una serie de diagramas de ten- 
sién-longitud con un numero cada vez menor de fibras intactas (fig. 4). 


El autor agradece al Dr. Juan José Mandoki el préstamo del equipo con que se realizé 
este estudio. 


SUMMARY 


\ study was made of the contraction of rat gastrocnemius muscle. The muscle was 
stimulated indirectly through its nerve at frequencies which ranged from 60 to 100 per sec. 
The results show that the tension-length diagrams of the muscle during rest and during 
contraction are modified if the muscle is contracting under heavy loads (figs. 2 and 3). It is 
assumed that during shortening there is an increase of the tension in the contractile elements 
of the muscle which leads to tearing of some fibres. Thus causing the changes mentioned 
above. This indicates that during rest the contractile component is elastic and not plastic as 
has been suggested (5,7). It is suggested that the tension-length for isometric contractions found 
by some authors (5, 10,11) is a consequence of a progressive decrease in the number of intact 
muscle fibers as the length is increased (fig. 4). 
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THE EFFECTS OF ESTROGENS ON EXPERIMENTAL 
ATHEROSCLEROSIS 


MANUEL RENE MALINOW (*) 


(Institute of Physiology, Buenos Aires Medical School, 
University of Buenos Aires, Argentina.) 


HE fact that estrogens are able to induce changes in genital tissues is very 
i a well known, but it is only recently that extragenital actions of estrogens 
have received greater attention, especially so in connection with the problem of 
atherosclerosis (**). A review of the pertinent extensive literature is out of the 
scope of the present paper and has been published elsewhere ('); only those 
observations pointing to the interrelationships existing between these hormones 
and atherogenesis (**) will briefly be mentioned here: 


1) The different sexual distribution of atherosclerosis in the human being. 

Early clinical studies had already shown that coronary atherosclerosis is by far more 
common in the male, a finding confirmed in large series of necropsies (2-4). That this sexual 
difference may be connected with functioning gonads is attested by the fact that it is greatest 
below 40 years of age and that it tends to disappear after the menopause. Nevertheless, it has 
also been claimed that the dissimilar sexual distribution of coronary atherosclerosis may partly 
be based on anatomical differences. Dock for instance (5), found in 24 newborn babies less 
than one day old, that the intima was thicker in males than in females; these findings, though 
can be related, not only with sex, but also with the presence of infection (6). 

In fact, the problem is not as simple as stated because: 


(*) Aided with Grants from the Asociacién Argentina de Compafiias de Seguros, Consejo 
Nacional de Investigaciones Cientificas y Técnicas, the Asociacién Cardiolégica Inchauspe and 
with Grant H 3905, U.S. Public Health Service. Part of the present report was granted a Ciba 
Foundation Award on Research Relevant to the Problems of Ageing. 

This paper summarises research conducted at the “Pabellén de Cardiologia Inchauspe”’ in 
association with Amanda A. Pellegrino, Eugenia H. Ramos and David Hojman; work performed 
at the Institute of Physiology, Buenos Aires Medical School, was done with Grato E. Bur, Jaime 
A. Moguilevsky and Alicia Gutiérrez; research conducted in the Department of Physiology, State 
University of New York, was performed in association with Gertrude Lange. 

(**) ATHEROSCLEROSIS designates in this paper a non-inflammatory arterial lesion, 
predominantly located in the intima of the arteries and showing lipid infiltration, cholesterol de- 
position and cellular proliferation, with or without necrosis or calcification; ATHEROGENESIS, 
development of atherosclerosis. 
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a) the different sexual distribution of coronary atherosclerosis may disappear under two 
circumstances, at least: 1) in the negro female in which coronary disease starts earlier than in 
the negro male (7), and, 2) under the influence of diabetes (8) . 

b) in other arterial territories, sexual differences may not be maintained or can even 
be reversed. For instance, in a clinical and anatomical study performed on 1000 subjects up to 
100 years af age, it was shown that calcification of the abdominal aorta and of the femoral 
arteries was more frequent in female (%); perhaps some of these cases were due to medial 
calcification and not to atherosclerosis. 

2) The influence of gonadectomy and of estrogen administration upon the development of 
atherosclerosis in men and in women. 

Iwo very well documented papers have shown the importance of oophorectomy and of 
estrogens on the development of atherosclerosis. The first paper, from the Mayo Clinic, compares 
the post-mortem findings in 49 women subjected to bilateral oophorectomy before the age of 
$5 and with a follow up of at least two years. Findings showed that the operated women 
had more atherosclerosis than 600 similarly studied control females, but less than 600 control 
men (10), 

\ second related report also suggests that estrogen therapy may decrease coronary atheros- 
clerosis in men, as well as in other vascular territories in women: men with prostatic carcinoma 
and treated with large doses of estrogens for at least three months, showed less coronary 
atherosclerosis than patiens under smaller dosage of hormones or receiving no such therapy; 
in the same groups, no differences were found in other vascular territories. Women with breast 
carcinoma and under estrogenic therapy had less atherosclerosis in the aorta as well as in the 
coronary and cerebral arteries, than bilaterally oophorectomized patiens (11) . 

Finally, it might be quoted here, that patients with cirrhosis of the liver have less 
atherosclerosis than control subjects (12). It has been suggested that this fact may be explained 
by the well known decreased inactivation of estrogens in this liver condition (12). 

3) The effect of estrogens in experimental atherosclerosis. 

Stemming from an early observation that increased blood levels of calcium, phosphorus 
and fats are observed in the chicken during ovulation (13) , it was shown that injected estrogens 
may reproduce these findings (14). Later on, prolonged hypercholesterolemia produced in 
cockerels by pellet implantation of diethylstilbestrol resulting in aortic atherosclerosis was re- 
ported (15). A totally different finding was described afterwards by Pick et al. (16), namely, 
the prevention and, then, the regression of coronary but not of aortic atherosclerosis in chol- 
esterol-fed chickens under estradiol therapy (17). These observations have since, been amply 
confirmed (18). Recently, prevention of aortic atherosclerosis by other estrogenic substances 
has been reported in the chicken (1%) and evidences extending estrogenic protection to other 
arterial territories has been presented (20). Differences in the action of several estrogenic 
hormones on atherogenesis have been demonstrated and it has been thus rightly suggested, that 
individual substances used in experiments should not be designed under the generic name of 
estrogens (19%). Furthermore, androgens too, are able to prevent atherosclerosis in cholesterol-fed 
birds (71). 

In other species, findings are not totally similar to those described in the chicken. In the 
rabbit, for instance, estradiol benzoate does not induce hypercholesterolemia nor aortic athero- 
sclerosis (22), while aortic atherosclerosis is reduced by estradiol benzoate in the female but 
not in the male cholesterol-fed animal; similar actions are shared by androgens (23) . Castration 
prevents these estrogenic effects (24), although other authors have reported a contrary finding, 
namely, that castration reduces atherosclerosis in cholesterol-fed female rabbits (25). Finally, 
as a further difference with the chicken, the several estrogenic hormone which have been tried, 
have not been able to prevent coronary atherosclerosis in cholesterol-fed rabbits (26) . 

A single paper on the effects of estrogens in rats shows that estradiol benzoate may initially 
increase and then reduce coronary lesions (27). The arterial lesions as defined in this report 
include medial sudanophilia; observations were confined to the coronary vessels. 

4) Blood changes produced by estrogens. 

Blood lipids are greatly increased in most of the experimentally induced atherosclerosis; 
consequently possible blood changes brought about by estrogens have been studied with great 
care. In spite of the fact that in the normal human being, blood cholesterol levels are similar 
in both sexes (28), it seems possible that in certain circumstances estrogenic hormones may 
regulate blood lipids. Thus, injection of several estrogens in the human being decreases blood 
cholesterol, increases phospholipids and shifts lipoproteins from the -fraction to the q-fraction 
(29°31) , and similar changes have been described in atherosclerotic patients (82) . 

Observations in animals do not reproduce these clinical findings. Female rats, for instance, 
have higher blood cholesterol levels than males and cholesterolemia shows a clear cyclic change, 
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higher levels being attained during estrus and lower ones during diestrus (33). When rats are 
placed under atherogenic diets, estrogens further increase blood cholesterol levels (+4) ; similarly, 
in cholesterol-fed rabbits, females show a higher cholesterolemia and a greater variability than 
males (35) . 


Intimate mechanisms involved in the extragenital effects of estrogens have 
not been elucidated. Furthermore, the data already quoted fail to explain why 
some species react differently toward the atherogenic preventing effects of 
estrogens, nor why these hormones may act predominantly on certain arterial 
territories. In an effort to answer some of these points and, at the same time, 
to pose new questions, the present work was initiated aiming at: 

1) extending the study of the effect of estrogens on experimental atheros- 
clerosis in different territories of several species, and, 

2) correlating the vascular effects with endocrine changes. 

As our results seemed to indicate that estrogens may exert a local action 
on atherosclerotic vessels, a study was made on: 

3) the influence of local factors on the development of atherosclerosis, 

4) the distribution of radioactive estrogens in atherosclerotic animals, and, 

5) the modification of the aorta by estradiol in vitro. 


] 
EFFECTS OF ESTROGENS ON EXPERIMENTAL ATHEROSCLEROSIS 


| a) Effects of estrogens on coronary and aortic atherosclerosis in choles- 
terol-fed chickens (*). 

The effects of estradiol benzoate administration on atherogenesis was studied 
in cholesterol-fed cockerels. 


METHODS. The methods have been published elsewhere (17) and only the main features 
will be mentioned here. Ninety-five 1 day old Hy-line cockerels were received from a com- 
mercial hatchery and reared in a battery brooder. They were fed commercial chick starter mash 
until they were 7 weeks of age. They were then divided into several groups, but only the 
four groups pertaining to this experiment will be described here: 


Group 1 (control A) received mash supplemented with 2°, cholesterol and 5% cotton 
seed oil. Group 2 (experimental A) received the same diet plus daily injections of 1 mg estra- 
diol benzoate (Progynon B, Schering); from these two groups, chicks were sacrificed at 12, 15 
and 20 weeks of age. Group 3 (control B), received the diet for 13 weeks. Group 4 (experi- 
mental B) received the same diet for 13 weeks and for the last 5 weeks of this period, in 
addition, a daily injection of 1 mg of estradiol benzoate; the last 2 groups were sacrificed at 
20 weeks of age. 

At sacrifice, the heart and great vessels of 5 birds of each group were fixed in 10% 
formaldehide, placed in bottles, labelled with a code number and sent to us to be studied 
“blindly”. The heart vas cut one mm below the a-v grove and 28 consecutive sections studied 
with several histochemical techniques (**). All arteries greater than 50, were counted, and 
sudanophilia or proliferation of the intima noted. The aortas were cut into 3 segments (except 
those from group 2 which were cut into 2 segments), and each segment classified with the 
naked eye as positive or negative for atherosclerosis. 

(*) The anatomical studies were performed in association with D. Hojman and A. A. Pelle- 
grino on material published previously (17) obtained through the kindness of Dr. Louis N. Katz. 

(*) Hematoxylin-eosin; elastic fibers with Gallego’s (Bol. Soc. Esp. Biol. 1924, 77); fats 
with Sudan IV; cholesterol with Lieberman-Bouchard’s (Comp. Rend. Acad. Sc. 1927, 184, 
1206) and Windaus’ (Bull. d’Histol. App!. 1926, 3, 316); calcium with Kossa’s (Cowdry, E. V. 
Laboratory technique in Biology and Medicine. The Williams and Wilkins Co., Baltimore 1948, 
page 5); connective tissue with Van Giesson’s (Cowdzy, loc cit. page 258); glucoproteins with 
McManus’ (Nature 1946, 758, 202) : mucopolysaccharides with Hale’s (Arch. Path. 1951, 52, 189). 
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TABLE II 


Effect of estradiol benzoate on aortic atherosclerosis in cholesterol-fed chickens (*) 


Number of aortic % of macroscopic 


ap segments atherosclerosis 
Cholesterol (control A) l 60 
Cholesterol and estradiol benzoate (prevention) 2 40 
Cholesterol and estradiol benzoate (regression) 4 15 40 


(*) See footnote of table I. 


RESULTS. (Table I an II). As can be seen in table I, coronary sudanophilia 
as well as endothelial proliferation are decreased in a statistically significant way, 
in both experimental groups under estradiol benzoate therapy when arteries 
= 150 » in diameter are considered. The same is true with arteries between 
50 and 149 ,», except in relation with proliferation, where the differences are 
not statistically significant because of the small number of proliferated vessels 
observed in the cholesterol-fed control group. No differences were found in 
the aortas. 


COMMENTS. Although grading of the lesions was performed using a totally 
different procedure from the one used by the Chicago group, the results found 
by us duplicate their conclusions, namely, that estradiol benzoate is able to 
prevent and to induce regression of coronary atherosclerosis in cholesterol-fed 
chickens without influencing aortic lesions. 


1 b) Effects of estrogens on spontaneous atherosclerosis in the rat (*). 


Previous reports on experimentally-induced atherosclerosis were not designed 
to determine whether estrogens also prevent spontaneous atherosclerosis. Con- 
sequently, a study was made of the effects of these hormones on spontaneous 
atherosclerosis in the rat. It must be added parenthetically that, in spite of 
previous negative reports, we were able to demonstrate the occurrence of spon- 
taneous atherosclerosis in the rat (36), findings which were lately confirmed (°”). 


METHODS. Male white William strain rats, betwen 15 and 24 months old, were separated 
into 2 groups: 1) 30 controls, and, 2) 10 experimental animals receiving intraperitoneally 
5-10 yg of estradiol benzoate (17 B-estradiol, 3 benzoate) daily except Sundays for periods up 
to 60 days. The methods of study have been previously reported (38) and only the main 
features will be described here. Upon sacrificing the animals, the organs were fixed in 10% 
formaldehide and 20 lengthwise aortic, 60 cardiac and 60 kidney frozen sections were stained 
with hematoxylin-Sudan IV. In all arteries greater than 30 y and clearly showing the different 
wall structures, lesions were graded from 0.5 to 3.0 accordingly with the amount of intimal 
sudanophilia and/or proliferation (for details see 38). Results were quantitated by multiplying 
this grading times an index accordingly with the extension and the number of lesions found 
in each organ. 


(*) These studies were performed in association with A. A. Pellegrino and have been 
published elsewhere (38) . 
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RESULTS, (See Table II). As can be seen in Table III, control rats show 
a slight degree of atheromatosis, while none of the estradiol benzoate — treated 
animals had arterial lesions. 

COMMENTS. Although the actual incidence of atherosclerosis in the con- 
trol rats is minimal, the fact that none was demonstrated in the injected group 
suggests that estradiol benzoate prevents or decreases the spontaneous lesions in 
all the studied territories; furthermore this work also demonstrates that the 
hormone may exert a protective action upon other vessels than the coronary 
arteries. 

1 c) Effects of estrogens on experimentally induced atherosclerosis in the 
tat {*). 

Having thus demonstrated that estradiol benzoate is able to decrease spon- 
taneous atherosclerosis in rats, it was deemed of interest to see if the hormone 
could be effective on experimentally-induced atherosclerosis in the same species. 

METHODS. The methods have been published elsewhere and only the main features 
will be mentioned here (88). Male white William strain rats, between 15 and 24 month old 
and kept on a standard laboratory diet were used. Unilateral cellophan perinephritis was per- 
formed under a clean but not sterile technique; the animals also received 5 ml of sunflower 
seed oil (I.N. 130) by gastric gavage daily except sundays. Two groups of animals were studied: 
1) 40 animales as described, and, 2) 18 rats as above, plus 5-10 yg of estradiol benzoate intra- 
peritoneally, 6 times a week, for periods up to 60 days. Histological procedures and anatomical 
grading as described under | b). 

RESULTS. (See Table IV). By comparing Tables 3 and 4, it can be seen 
that cellophan perinephritis and forced oil-feeding increased the severity of 
atherosclerosis, especially so in the coronary arteries. The administration of es- 
tradiol benzoate was only partially able to counteract for this increased athero- 
genic stimulus: although no atherosclerosis was found in the aorta nor in the 
proximal branches such as the intercostal, mesenteric, etc., the hormone showed 
no protective action in the coronary nor in the renal vessels. 

COMMENTS. This experiment suggests that estradiol benzoate, even when 
preventing atherosclerosis in some vascular territories, may not be effective in 
others if the atherogenic stimulus is too pronounced. Such was the case with 
the coronary and the renal arteries which were spared of spontaneous atheros- 
clerosis but not of the experimentally-induced one. It is possible that these two 
conditions may not be the same, but it seems evident that, with the low doses 
used by us, the anti-atherogenic action proved to be different in both cases. 
Furthermore, using higher dosis of estradiol benzoate, Moskowitz et al. (7) have 
shown that the hormone may protect the coronary arteries of rats placed under 
atherogenic conditions. 

| d) Effects of estrogens on the arteries of cholesterol-fed rabbits (**). 

Since it has been demonstrated already that estrogens are able to influence 
atherosclerosis in chickens and in rats, it seemed worth while studying its effects 
on rabbits. Reports in the literature show that even a high dosage of estrogens 
is ineffective in male rabbits (**), while contradictory conclusions have been 
reached in female rabbits (24:25) (***). 

(*) These studies were performed in association with A. A. Pellegrino and have been 
reported elsewhere (38) . 

(**) These studies were performed in association with A. A. Pellegrino and E. H. Ramos 
and have been partly reported elsewhere (3%) . 

(***) It might be of interest to remember in this connection that rabbits metabolize 


estrogens in a very peculiar way since they are able to excrete these hormones as the 17-q-isomer 
of estradiol, which is almost inactive as an estrogenic hormone (49) . 
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METHODS. The methods have been published elsewhere and only a summary will be 
made here (39). Male rabbits of mixed breed weighing 1.5 to 2.5 Kg were maintained on a 
standard laboratory diet. All animals except the controls, also received 6 days a week 750 mg 
of crystalline cholesterol in 5 ml of sunflower seed oil (I.N. 130) thoroughly mixed with 
mashed carrots. One week after starting the cholesterol feeding, half of the animals thus fed 
were injected intravenously twice a week with 4 ml of saline in 2 divided doses, 2 hours 
apart; the other half received intravenously twice a week, 2 ml of 6% Dextran (R) and 
0.5 mg of microcrystallized estradiol benzoate (17 -estradiol, 3 benzoate) in 5 ml of saline, 
also in divided doses, 2 hours apart. Microcrystals less than 1 y in diameter and suitable for 
intravenous injections were freshly prepared by precipitating a concentrated alcoholic solution 
of estradiol benzoate into normal saline. 

The controls and 43 experimental animals which survived 60 days on this regime, were 
sacrificed and their aortas examined. The observed macroscopic atherosclerosis was graded on 
an arbitrary 0 to 4 plus scale. Differences existing with the published report are due to the 
fact that 3 rabbits which presumably did not eat the special diet and had normal blood 
cholesterol levels at sacrifice, were deleted. 


RESULTS. (Tables V to VIII). Results shown in Tables V to VIII demons- 
trate that the Dextran (R)-estrogen-treated group had less atherosclerosis than 
the saline treated group in the aorta and in the renal arteries, while the coronary 
arteries had a similar involvement in both groups. Table VIII shows that blood 
cholesterol levels at sacrifice, were somewhat reduced in the estrogen-treated 
group, but the differences were not statistically significant at the 5 % level. 


COMMENTS. This experiment suggests that intravenous microcrystals of 
estradiol benzoate following the injection of Dextran (R) are able to prevent 
aortic and renal atherosclerosis in rabbits, but not the coronary involvement. 
Prevention, then, has been limited to some of the explored territories while others 
have not been influenced. Results obtained in the aorta as reported by others 
conflict with our own findings; this may be explained by assuming: 


a) that the protection is afforded through blood cholesterol changes. It is 
difficult to accept this possibility because the difference among the cholesterol-fed 
groups is not statistically significant and also because it could not account for 
the protection seen in some territories and not in the coronary arteries. Never- 
theless, these blood lipid changes, well confirmed in the literature, may partly 
contribute to the vascular effects of estrogens. 


b) That the protection is afforded because of the intravenous administration. 
The hormone has been used so far, per os or intramuscularly with negative 
results and the differences with the present experiment should be furtherly 
explored. It has been suggested that microcrystals are incorporated through 
phagocytosis by the arterial endothelium and could become veritable pellets 
with a predominant action within the arterial wall (*%). In this connection, 
incorporation of colloidal thorium in the altered endothelia of atheromatous 
plaques has been demonstrated to occur in cholesterol-fed rabbits (+). 


c) That the protection is afforded because of the previous action of Dex- 
tran (R). Dextran (R) itself, though, is not able to influence atherogenesis (see 
below) but it could possibly influence estrogen metabolism by blocking the 
reticulo-endothelial system (#*). 
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2 


ENDOCRINE ASPECTS OF ESTROGENIC ADMINISTRATION TO NORMAL 
AND ATHEROSCLEROTIC ANIMALS 


In order to investigate the possible interdependence of the endocrine and 
the vascular actions of estrogens, and, at the same time, the possible influence 
of the route of administration, the following experiments were performed: 


2 a) Relationship between endocrine effects and vascular action of estrogens 
in atherosclerotic animals (*). 

In animals subjected to atherogenic stimuli, the effects of estradiol benzoate 
on the weight of testes, adrenals and hypophysis was studied. These endocrine 
glands were chosen because administration of estrogens is associated with an 
atrophy of testes in males and in some species with hypertrophy of the other 
two glands (4%). 

METHODS. A) Rats. The testicles of the rats described under 1 c were studied. After 
removal, the organs were weighed and fixed in 10% formaldehide; one testicle was selected 
at random in each animal, transversely cut and 4 frozen sections stained with hematoxylin- 
Sudan IV. Testicular function was roughly graded as follows: 0, no spermatozoids seen; 
1, these cells were seen in less than half of the examined tubules; 2, spermatozoids were present 
in half of the examined tubules; 3, more than half of the tubules showed spermatozoids; 
4, all tubules showed spermatozoids. In the final interpretation testicles graded 0 though 1 were 
considered as atrophic and those grades 3 or 4 as normal (see details in 38). 

B) Rabbits. The testicles, adrenals and hypophysis of the rabbits described under 1d, 
were carefully dissected and weighed immediately upon removal. 

The endocrine changes were correlated with the anatomical findings in the arteries of 
both kind of animals. 

RESULTS. (Table IX and X). Results shown in Table IX indicate that 
estradiol benzoate at the dosage used, did not increase the percentage of atrophic 
testicles in unoperated rats while the incidence of atherosclerosis was reduced 
to zero. This suggests that in rats, it is possible to separate the endocrine from 
the vascular effects. Furthermore, the hormone was able to induce an atrophy 
on the testicles of perinephritic rats (**) which had an increased incidence of 
atherosclerosis. The experimental circumstances were obviously not similar to 
those present in unoperated rats since the atherogenic stimulus was probably 
increased; nevertheless, this experiment shows that estrogens given in amounts 
able to induce atrophy of the testicles may be unable to prevent atherosclerosis. 

Table X shows that a similar independence between vascular and endocrine 
effects may be present in the rabbit. It is seen here that in cholesterol-fed rab- 
bits, weight of the testicles and of the hypophysis was not altered by injecting 
estradiol benzoate, while the adrenals showed the expected hypertrophy under 
cholesterol feeding, but no further difference was brought about by estrogen 
administration. 

COMMENTS. These experiments suggest that the endocrine and the vascu- 
lar actions can be separated, since atherosclerosis was prevented in two species. 
without inducing further weight changes in the endocrines studied. It may thus. 
be concluded that although castration reduces atherosclerosis in men (4) and 
although estrogens can induce testicular atrophy and prevent atherosclerosis, 


(*) These experiments were performed in association with A. A. Pellegrino and E. H. Ra- 
mos and have been reported elsewhere (38: 39) . 

(**) The perinephritic rats weighed less than the controls and this may explain why the 
same dosage of estradiol was now able to atrophy the testes. 
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these hormones might influence arterial lesions through some unknown mecha- 
nism, independently of its hypotrophic action on the testicles. 


2 b) Comparison of the endocrine effects of estradiol administered as micro- 
crystals and as oil solution (***), 


The negative results obtained by other authors administering estradiol in 
conventional preparations to male cholesterol-fed rabbits (2: 2%), contrasted with 
the preventive action reported above when estradiol benzoate was given as intra- 
venous microcrystals. This prompted us to study the effects of different prepa- 
rations of estradiol on the weight of several endocrines, including the testes, 
seminal vesicles, adrenals and hypophysis. Although in this experiment, estradiol 
and not estradiol benzoate was used as before, comparison of these compounds 
is valid because the ester is hydrolyzed in the body and the overall endocrine 
actions are very similar (45). 

METHODS. Forty eight young male rats of the Williams strain were divided into four 
groups of 12 animals each; each animal received 75 yg of estradiol twice a week during 4 weeks, 
as follows: a) intravenous microcrystals; b) intramuscular microcrystals, and, c) intramuscular 
oil solution. Twelve further animals not receiving any medication were taken as controls. 
The rats were weighed at the beginning and at the end of the experiment; upon being 
sacrificed with ether, the testicles, the empty left seminal vesicle, the adrenals and the 
hypophysis were dissected free and weighed immediately upon removal. 


RESULTS. As it is seen in Table XI, 75 yg of intravenous or intramuscular 
estradiol microcrystals were without effect on the testis, seminal vesicles and the 
hypophysis, while the same preparation given as intramuscular oil solution was 
able to atrophy the testicles and the seminal vesicles while increasing the weight 
of the hypophysis and of the adrenals. 


COMMENTS. Intravenous and intramuscular microcrystals of estradiol, at 
the dosage used, proved to have less estrogenic effect than the hormone in oil 
solution. On the other hand, we have seen that intravenous injections of micro- 
crystals were able to prevent atherosclerosis in rabbits without inducing endocrine 
weight changes. If, as already shown, prevention of atherosclerosis is also ef- 
fected in species other than the rabbit, intravenous microcrystals could be of 
value when it is necessary to maintain the estrogenic effects as low as possible. 


2 c) Injection of intravenous estradiol benzoate microcrystals in the human 
being (*). 

Because intravenous estradiol microcrystals have less endocrine effects in 
the male rat and rabbit than conventional hormonal therapy, the feasibility of 
its administration in the human being was explored. 


METHODS. The methods have been reported elsewhere (#6) and only the main features 
will be mentioned here. 500 yg of freshly prepared estradiol benzoate microcrystals in 5 ml of 
saline were given intravenously to three patients with unoperable carcinoma. The absence 
of any untoward reaction prompted us to give a total of 32 injections to 20 male patients. 
The hormone was given at dosages ranging from 50 to 500 yg; immediate estrogenic effects 
were investigated in the first morning urinary specimen during several days by observing in 
the fresh sediment the presence of desquamated iodophilic cells from the prostatic utriculum, 
which in the male, is subjected to similar estrogenic influences as the vaginal cells are in the 
female (47). The patients were observed clinically and signs of untoward effects noted. 


(***) These experiment have been performed in association with J. A. Moguilevsky and 
A. Gutiérrez, and will be reported elsewhere. 

(*) These experiments have been performed in association with G. E. Bur and reported 
elsewhere (46) . 
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TABLE XII 


Estrogenic changes in the urinary sediment brought about by intravenous estradiol 
benzoate microcrystals in the human being 


Dose (ug) Number of injections Estrogenic effect (*) 
50 3 1 
100 6 1 
200 17 13 E 
300 3 3 
500 3 


(*) See text. 
Taken from Malinow, M. R. and Bur, G. E.: Ciencia e Invest., 1957, 73, 519. 


RESULTS. (Table XII). As can bee seen in Table XII, 50 to 100 yg of 
intravenous estradiol benzoate microcrystals only occasionally induced a positive 
estrogenic action, while doses of 200 ug and above, regularly did show such an 
effect. This action was seen starting the following day from the injection and 
lasted for a few days. 


COMMENTS. The intravenous injection of estradiol benzoate microcrys- 
tals was well tolerated in the human being and no untoward effects were noted. 
As shown above, when given to animals, its estrogenic action was less marked 
than when administered in the conventional way. In the human being, small 
doses of this preparation, generally had no estrogenic effects discernible with 
our methods. Since estrogens are given to man as a therapy for atherosclerosis, 
this new preparation seems to be worth trying. 


3 


‘THE IMPORTANCE OF LOCAL FACTORS IN THE DEVELOPMENT AND ‘IN | 
THE PREVENTION OF ATHEROSCLEROSIS (*) : 


Current ideas stress the changes that blood lipids undergo under estrogen a 
therapy and try to explain the vascular action through such lipid changes. Such | 
an explanation, though, fails to account for the protection afforded to some 
but not all vessels in the same animal. 

In view of the fact that steroid hormones, and, also because prevention of 
atherogenesis can not be correlated with a generalized estrogenic effect, it seemed 
possible that estradiol may modify certain unknown local factors in the arteries, 
and through such a mechanism, be able to prevent atherosclerosis. We thus 
tried to demonstrate the importance of local factors in the development of 
atherosclerosis. These local factors, including filtration, reabsorption, synthesis as 
well as transformation as defined elsewhere (#*), have been approached indirec- 
tly and considered together. 

METHODS. The methods have been published elsewhere (48), and only the main features 
will be considered here. Sixty-two male rabbits, 1.6 to 2.3 kg of weight on a standard laboratory 
diet, were weighed weekly (these animals are those remaining from a larger initial group; 
animals which died before being sacrificed have been omitted). Forty eight animals were given 
in addition, 1 g of crystalline cholesterol, daily except Sundays, in 5 ml of sunflower seed oil 

(*) These experiments were performed in association with A. A. Pellegrino and E. H. Ra- 
mos and have been published elsewhere (48) . 
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(I. N. 130) thoroughly mixed with mashed carrots. From this group and twice a week, 15 rabbits 
were given intravenously 0.2 mg of estradiol benzoate microcrystals; 11, 2 ml of 6% Dextran 
(R) and 9, the same amounts of Dextran (R) and the hormone, two hours apart. Note that 
in previous experiments (cf 1d), the amount of cholesterol given to the animals was smaller 
and the dose of estradiol benzoate more than doubled the one used here. The results which 
were obtained in the present experimental animals were similar in all respects; consequently, 
and for the purposes to be reported here, this experiment may be considered to consist of 
14 control and 48 cholesterol-fed rabbits. 

After 90 days, the animals were anesthetized with pentobarbital, blood was withdrawn 
from the aorta for cholesterol determinations, and a complete autopsy performed. The lesions 
in the aorta were drawn on a paper and “blindly” graded from 0 to 4 plus, accordingly with 
the extent and thickness of the lesions. The heart was fixed in 10°% formaldehide, cut into 
six slices parallel to the a-v groove and sectioned at 10 y; in each segment, 10 random frozen 
sections were stained with hematoxylin-Sudan IV, and all arteries greater than 30 y and 
clearly showing the different wall structures, graded from 0.6 to 3.0 accordingly with the 
amount of lipid infiltration and cellular proliferation of the intima. The individual lesions 
were multiplied by an index taking into account the number and the extent of the lesions (for 
details consult 48). Cholesterol levels were determined in plasma obtained upon sacrificing 
the animals with the method of Bloor (5°) ; the cholesterol content of the aorta was determined 
in an alcoholic extract after 8-10 hours of continuous boiling. The observed parameters were 
then correlated with the “r” method and its statistical significance determined with the use 
of tables (51). 


TABLE XIII 


Chemical and anatomical correlations in control and in cholesterol-fed rabbits. Values 
of the correlation coefficient “r” (*) 


Aortic Coronary Aortic 
cholesterol atherosclerosis atherosclerosis 
Blood cholesterol levels ............ 0.55 (°°): 0.79 (**) 0.70 (**) 
Aortic atherosclerosis ............... 0.91 (**) 0.58 (**) _ 


(*) See footnote of Table I. 

(**) Statistically significant at the level of p < 0.01. 
Taken from Malinow, M. R., Pellegrino, A. A. and Ramos, E. H.: Acta physiol. lat.-amer., 
1958, 8, 37. 


RESULTS. (Table XIII and figures 1 to 3). The calculated coefficients “r’ 
between blood cholesterol, aortic cholesterol content, aortic macroscopic athero- 
sclerosis and coronary microscopic atherosclerosis, although they must be consi- 
dered to be only a first approximation because of discontinuity in the anatomical 
gradings, show a positive correlation between all observed parameters. When 
the results are plotted graphically (fig. 1 to 3), it is seen that a correlation is also 
evident, in spite of great scattering of the individual results. 

COMMENTS. These results confirm many previous experiments showing 
that in the rabbit hypercholesteremia, increased cholesterol content of the aortic 
wall and generalized atherosclerosis follow cholesterol feeding. Nevertheless, 
although these parameters are mutually interdependent, they are not very 
closely correlated. In other words, deposition of cholesterol into the arterial 
wall is only partly dependent on blood cholesterol levels, and local factors not 
clearly defined at the present, but which must include reabsorption from the 
arterial wall as well as filtration, local synthesis and local transformation, should 
be taken into account. These mechanisms, then, can explain scattering of the 
observations when the studied parameters are correlated with blood cholesterol 
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Fic. 1.— Aortic cholesterol con- 
tent against blood cholesterol 
levels. All cholesterol-fed rab- 
bits are randomly distributed. 
Chol., cholesterol, dext., Dex- 
tran (R); estrog., 17  B-estra- 
diol benzoate. Discussed in text 
(Fig. 1 through 3, taken from 
Malinow, M. R., Pellegrino, A. 
A. and Ramos, E. H. Acta Phy- 
siol. Latinoamer. 8, 1958, 37). 
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Fic. 3.— Aortic cholesterol content, coronary atherosclerosis and blood cholesterol levels against 
macroscopic atherosclerosis. Discussed in text. Symbols as before. 


levels. Finally, the lack of a strict parallelism between aortic and coronary athero- , 
sclerosis further suggest some different mechanisms controlling the reactions of 

these two vessels. Our ignorance in the understanding of factors other than blood 

cholesterol which might influence atherogenesis has been clearly pointed out 

by Weinhouse and Hirsch (5?) as well as by McMillan et al. (5°). 

It should be stressed that experiments of the kind described here, can only 
suggest several possibilities to explain the observed facts, but a more direct 
type of research should be planned to account for these findings. Nevertheless, 
the observations are theoretically compatible with the presence of arterial fac- 
tors which could modify the deposition of cholesterol with a certain indepen- 
dence from blood cholesterol levels and which could modify as well the reaction 
of the arterial wall toward the deposited cholesterol. Such a hypothesis does 
not deny the possibility that the arterial factors themselves may also be influenced 
through endocrine, physical, etc., factors as well as by blood cholesterol levels. 


4 
THE DISTRIBUTION OF RADIOACTIVE ESTRADIOL IN ATHEROSCLEROTIC ANIMALS (*) 


The indication that local factors may contribute to the development of 
atherosclerosis, and the suggestions advanced that estrogens may influence athero- 
genesis by a direct action on the vessels, led us to study the distribution of radio- 
active estradiol in atherosclerotic animals in order to determine if the hormone 
is found within the vessels; of course, the demonstration that an injected hor- 
mone is concentrated within certain tissues does not prove that it exerts a local 
action there. 

METHODS. The methods have been presented elsewhere and only the main features will 
be mentioned here (5+). Six rabbits were fed 1-2°% cholesterol thoroughly mixed with their 
food during a 60-day period; 2 control animals were kept on a standard laboratory diet. 


(*) These experiments have been performed in association with A. A. Pellegrino and 
G. Lange, and have been reported elsewhere (5%) . 
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Estradiol 6,7 H3 (**) with 17 B-estradiol as a carrier was prepared as microcrystals suitable 
for intravenous injections (cf. supra); each animal received approximately 25 ycu and | mg 
of the carrier as follows: 4 cholesterol-fed and 2 control rabbits received intravenously 5 ml of 
Dextran (R) in an attempt to partially block the reticulo-endothelial system; 2 hours later 
the hormone was given intraperitoneally to 2, and intravenously to an additional 2 cholesterol- 
fed rabbits, while the 2 controls received the estradiol intravenously; the 2 remaining choleste- 
rol-fed animals were given the microcrystals intravenously without the Dextran (R). The 
animals were sacrificed 3 hours after the intravenous and 5 hours after the intraperitoneal 
injections. Several organs including the ascending aorta, heart, spleen, liver, lung, intestine 
and adrenal glands were removed and fixed in 10% formaldehide; radioautographs were then 
performed with the stripping film technique (*) and developed 3 months later. 

RESULTS. (Figure 4 and 5). Aorta. In all animals, radioactive material 
was irregularly distributed in granules which were more numerous in the outer 
two-thirds of the arterial wall, especially around the vasa vasorum. The inner 
third also showed scattered reduced areas but endothelial cells only occasionally 
exhibited active material. In one cholesterol-fed animal which had received 
estradiol intravenously and Dextran (R), an atheromatous plaque, which was 
especially studied, showed a pronunced accumulation of radioactivity. 

Heart and coronary vessels. In animals, tagged material was present especially 
within the capillaries of the inner third of the myocardium. No activity was 
detected within the coronary arteries except in one case where it was seen in 
the media of a medium sized vessel (this animal had received estradiol intra- 
venously and no Dextran (R). 

Other tissues: Lungs. A very slight radioactivity was present within the 
lungs but no consistent pattern could be described. In one case, active material 
was detected in the media of a pulmonary artery. 

Kidney. A heavy deposit of tagged material was seen in all cases; maximal 
positivity was found in the cortical as well as in the inner medullary regions. 
In the cortical regions, radioactivity was present in the parietal layer of Bowman's 
capsule, in the cavity of the capsule and in the cavity of a few convoluted 
tubules; granules were also seen in the free border as well as within the epithelial 
cells of the convoluted tubules. Radioactivity was also observed in the inter- 
tubular connective tissue. In only one instance were reduced granules seen in 
a renal artery. 

Intestine. Radioactivity was detected within the muscular layer, the external 
border of the intestinal cylindrical epithelium, and in the connective stem of 
the villi; no deposits were found within the arterial walls. 

Testicles. Heavy depositions of radioactive material were seen in the ger- 
minal epithelium, apparently concentrated within the more mature cells; only 
scanty granules were observed in the interstitium and none within the arteries. 

Liver: Focal distributions of a few granules were seen in some cases. In one 
instance, radioactivity was present in a biliary duct and in another, in the media 
of a portal vein. 

Adrenal glands. Tagged material was not observed in the parenchymatous 
cells but in one instance it was present within a few capillaries of the glo- 
merular zone. 


COMMENTS. The present line of investigation is limited in certain aspects 
because radioactivity found, after injection of estradiol 6, 7 H 3, within tissues 


(**) Obtained through the New England Nuclear Corp., Boston, Mass. 

(*) The technique was kindly demonstrated to once of us (M.R.M.) by Dr. Patrick 
J. Fitzgerald, who also generously provided us with the necessary films (A.R.10 Kodak 
stripping films) . 
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which have been fixed in 10 % formaldehide, merely indicates the presence of 
the hormone and/or some water-insoluble metabolites. The presence of small 
amounts does not preclude its biological activity since the sites of localization of 
a hormone after injection may not be related to its physiological action. Furth- 
ermore, if the turnovcr of the hormone is high, a pronounced biological activity 
could still be exercised in spite of low concentrations of the tagged material. 

In spite of these limitations, certain conclusions can be tentatively advan- 
ced: estradiol and/or hormonal metabolites was found in the normal and the 
atheromatous aorta of rabbits suggesting a dual distribution through the vasa 
vasorum and through the intima. This accords with well known laws of circ- 
ulation of fluids within the arterial wall (4%). Normal endothelial cells only 
occasionally showed radioactivity whereas in one instance, an atheromatous 
plaque greatly concentrated the hormone and/or its metabolites. In connection 
with the problem of atherosclerosis, then, the present observations suggest that 
estrogens could exert some local action in the aorta of the rabbit, and specially 
in atheromatous plaques; if such a conclusion be true, vessels could be con- 
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Fic. 5.—A higher magnification of the plaque from Fig. 4 (X 420) (Same as Fig. 4). 


sidered to be target organs for the estrogenic hormones, but of course, more 
experiments are needed in this respect before accepting such a conclusion. 

The fact that the hormone and/or its metabolites was not uniformly dis- 
tributed within the aorta and that minimal or no radioactivity was seen in 
other arterial territoires, could be due to differences in affinities or to some 
other unknown factors, thus pointing out the importance of local mechanisms 
in the biology of arteries. 


5 
“IN VITRO” EFFECTS OF ESTRADIOL ON THE AORTA OF CHICKENS 


The experiments already reported suggest that estrogenic hormones, besides 
modifying blood lipid levels (2% #1), may prevent atherosclerosis through a direct 
action on the vessels themselves. Nevertheless, a direct action of hormones on 
the arteries has not been reported, with the exception of the studies of Werthes- 
sen (55 57), In the present experiment it is demonstrated that estradiol may 
enhance “in vitro” the activity of an inespecific phosphomonoesterase in the 
aorta of chickens. 

MATERIAL AND METHODS. The aorta of 10 white leghorn cockerels, weighing between 
500 and 1000 g, was removed under sterile conditions, cut into 10 to 12 rings of approximate 
2 mm in length and incubated during 72 hs at 37.5 + 1°C in modified roller tubes with a 
balanced saline medium (6) into which 30% of bovine serum, 0.05% of ethanol as well 
as streptomycin and penicilin were incorporated; aortic rings were also incubated with 
the same medium except that 2 yg of 17 B-estradiol were added per ml. Throughout the 
experiment, pH was maintained by changing the medium as required. At the end of the expe- 
rimental period, the tissues were blotted with filter paper and weighed; they were then frozen 
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and cut in 10 y sections with a microtome, homogenized and the alkaline phosphatase activity 
in approximately 20 mg of aorta determined by the method described by Kaplan and Narahara 
for blood serum (58). Incubation was carried out at 37° C for 30 minutes with disodium phenyl- 
phosphate as substrate and with sodium borate buffer at pH 9.4 as already described (5%) . 
Results performed by duplicate and expressed as 4M phenol liberated per mg of wet tissue, were 
compared with Student’s “t” test for paired elements according with Fisher’s tables (51). 
Representative tissues were fixed in 10% formaldehide, embedded in paraphine and stained 
with hematoxilin-eosin (*) (**). 

RESULTS. The cells and fibers of control and experimental tissues main- 
tained good staining properties at the end of the incubation period; a relative 
increase in the interstitial fluid though, was apparent rendering thus meaningless, 
comparisons of the enzymatic activity before and after incubation. As it can be 
seen in Table XIV, estradiol increased the alkaline phosphatase activity in the 
chicken aorta when compared with the corresponding paired controls. 


COMMENTS. The present experiments demonstrate that estradiol may 
enhance “in vitro” the alkaline phosphatase activity of the aorta of chickens. 
This action is not restricted to the cardiovascular tissues since it is apparently 
similar to the increased alkaline phosphatase activity seen in the female genital 
tract of mamals (®°), in the plasma of birds (6, 6), as well as in the aorta of 
chickens and of rats after injection of the hormone (6: 63), Furthermore, “in 
vitro” studies have also shown that estrogenic hormones may influence the oxygen 
consumption of isolated systems (64 6°), Consequently, these effects, as well as 
those demonstrated in the present paper, lend further support to the hypothesis 
that estrogenic hormones may influence the metabolic activity of the arteries 
through a direct local action. Estrogens in such a respect could then possibly 
behave similarly as in the uterus, vagina, mamma and skin where they show 
effects when locally applied (6). 


TABLE XIV 


Modification of alkaline phosphatase activity in vitro, Results expressed in pM of phenol/mg 
of wet chicken aorta liberated under stated conditions (*) 


| 


| Number | With added Paired 
Group | of steroid contrels Difference P 
| animals 2 ug/ml | 


17 B-estradiol | 10 0.136 + 0.022 | 0.045 + 0.014 | 0.090 + 0.014 6.500 < 0.001 


| 
| 


(*) Determinations performed by duplicate. Average + standard error. 


The significance of our findings in connection with enhancement of aortic 
atherosclerosis as seen in birds after diethylstilbestrol administration (!>) or with 
prevention and regression of coronary atherosclerosis in cholesterol-fed cockerels 
after estrogenic therapy (16 18), remains to be clarified. It seems appropiate, 
though, to quote the cautious words of Hechter, before undue emphasis be 
paid to results obtained in isolated systems: “in vitro reactions with hormones 
may be completely unrelated... to the nature of essential underlying cellular 
mechanisms involved in hormone response” (68). Nevertheless, the fact that 
injection of estradiol increases alkaline phosphatase activity in the aorta of 


(*) We are thankful to Dr. Grato E. Bur who kindly reviewed the sections. 
(**) These experiments are going to be reported more fully elsewhere (Circulat. Res.. 
in press). 
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chickens and of rats (61: 62), and that similar results are seen “in vitro”, apparently 
demonstrates that estrogens may influence arterial metabolism by modifying local 
enzymatic mechanisms. Much more work in this field, though, is clearly needed 
before such modified local mechanisms could be linked with atherogenesis. 


SUMMARY AND CONCLUSIONS 


1) Observations pointing to the interrelationship existing between estrogens 
and the development of atherosclerosis have been shortly reviewed and stated 
as follows: a) coronary atherosclerosis is by far more common in male than in 
female patients, and this difference tends to disappear after the menopause; 
b) bilaterally oophorectomized women have more atherosclerosis than suitable 
controls; c) male patients with prostatic carcinoma receiving large doses of 
estrogens have less atherosclerosis than patients without such a therapy; d) some 
estrogenic hormones are able to prevent and to effect a regression of coronary 
atherosclerosis in cholesterol-fed chickens, and, d) estrogens are able to “feminize” 
the blood lipid pattern as found in the human male. 

2) Experiments reported here show that: a) estradiol benzoate when given 
either prophylactically or therapeutically, prevented or induced the regression 
of coronary atherosclerosis in cholesterol-fed chickens; aortic atherosclerosis was 
not affected. This confirmed previous findings in the literature; b) rats given 
estradiol benzoate (contrarywise to the controls), showed no signs of spontaneous 
atherosclerosis in the aorta, the proximal aortic branches, the coronary and the 
renal arteries; it thus seemed that the hormone may exert a protective action 
upon vessels other than the coronary arteries. Experimental findings have so 
far stressed the action of estrogens only upon the coronary vessels; c) rats with 
cellophan perinephritis showed more atherosclerosis than their controls; if those 
operated animals received estradiol benzoate, no atherosclerosis was found in 
the aorta nor in the proximal aortic branches while the lesions were not reduced 
in the coronary nor in the renal vessels. This seems to show that the hormone 
may not be effective in some vascular territories if the atherogenic stimulus 
is too pronounced; d) in cholesterol-fed male rabbits injected with estradiol 
benzoate given as intravenous microcrystals, atherosclerosis was prevented in 
the aorta and the renal arteries, but no protection was afforded to the coronary 
vessels. Since other authors have not been able to show such an effect, the 
possible role of the method of administration was further explored. 

3) Although a thorough study of the endocrine factors involved was con- 
sidered to be out of the scope of the present work, the following experiments 
related with the problem of atherosclerosis were performed: a) in animals 
subjected to atherogenic stimuli and under estrogenic therapy, the weight of 
the testes, adrenals and hypophysis was determined and findings correlated 
with the presence of atherosclerosis. It was thus shown that in male rats, 
prevention of atherosclerosis was not correlated with an induced atrophy of 
the testes. In rabbits, prevention of aortic and renal atherosclerosis by estrogens 
was observed without changes in the weight of the explored endocrines as 
compared with suitable controls; b) as a sideline of the present work it seemed 
of interest to compare the action of estradiol microcrystals administered intra- 
venously and intramuscularly with that of a conventional oil solution of the 
same hormone. Results showed that estradiol microcrystals had less endocrine 
effects in male rats when given intravenously than when administered intra- 
muscularly. Furthermore, in the conditions tested, intramuscular estradiol in oil 
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solution was more effective in inducing endocrine weight changes than the 
microcrystalline intramuscular injection; c) finally, estradiol benzoate microcrys- 
tals were injected in men without untoward effects. 

4) Since prevention of atherosclerosis by estrogens could not be correlated 
with a generalized effect on the weight of the endocrines and considering that 
steroid hormones may be able to act locally on certain structures, it was deemed 
of interest to study the importance of local factors in the development of atheros- 
clerosis. Results showed that hypercholesterolemia, increased cholesterol content 
of the aortic wall and generalized atherosclerosis followed cholesterol feeding in 
rabbits. Nevertheless, although these parameters were mutually interdependent, 
they were not closely correlated. Such findings suggested, then, that besides 
blood cholesterol levels, some local factors not clearly defined at the present 
time, may influence deposition of cholesterol into the arterial wall and its 
atherogenic reaction. 

5) Radioactive estradiol (estradiol 6,7 H3) was injected into cholesterol-fed 
and into normal rabbits. Radioautographies showed that the hormone (and/or 
its metabolites) was distributed within the aortic walls as well as in other 
organs; an atheromatous plaque which was especially studied, showed a prono- 
unced accumulation of radioactivity. Although the significance of this finding 
is open to question, the possibility that estradiol might exert a local action on 
the arteries and on the atheromatous plaques can be entertained. 

6) Finally aortas of chickens were incubated during 72 hours in the presence 
of estradiol and the alkaline phosphatase activity determined. The enzyme was 
enhanced by the hormone when compared with suitable paired controls. Con- 
sequently, estrogens have been able to influence arterial metabolism by modifying 
local enzymatic mechanisms. Much more work in this field, though, is clearly 
needed before such modified local mechanisms could be linked with athero- 
genesis. 
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THE INFLUENCE OF THE NECK TOURNIQUET ON THE 
BLOOD ANTIDIURETIC POTENCY OF RATS 


L. BARNAFI, S. VIAL and H. Croxatto 


(Laboratorio de Fisiologia, Universidad Catélica de Chile.) 


IFFERENT results have been reported by various authors in the study of the 
D antidiuretic potency of the serum or plasma of normal rat (Birnie, 1949 
and 1950; Dicker, 1950; Ames, 1952; Ginsburg, 1953; and Giere, 1954). Some 
of these discrepancies can be attributed to different types of anesthesia. Others, 
to an increase of antidiuretic activity occuring during haemorrhage, due to vaso- 
pressin discharge from the hypophysis (Ginsburg, 1953). In order to test the last 
possibility, a method for collecting blood samples with the exclusion of head 
circulation, seemed necessary. 

The present paper is concerned with experiments in rats where blood was 
obtained by aortic puncture after a tourniquet was placed on their necks. 


METHODs 


Blood was obtained from adult rats (200-250 gm body weight), anesthetized 
with Avertin, Winthrop Chemical Co., Inc. (25 mg Avertin and 12.5 mg Amylene 
Hydrate per 100 gm body weight), intraperitoneally. The animal was bled through 
the aorta immediately after the neck was crushed with the tourniquet. No anti- 
coagulant was used. The blood samples were injected in test animals, in groups 
of four for each donor (0.5 and 1.0 ml per 100 gm body weight), intraperitoneally, 
according to the method described by Burns (1931). Saline (0.9% NaCl) was 
injected in control groups. Pooled urinary specimens were obtained at 30 minutes 
intervals. 
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RESULTS 


In the first place, a comparison between the antidiuretic potency of the 
blood of normal rats, bled and with a tourniquet, and that of another group 
of rats, without tourniquet was made. The samples obtained from both groups 
showed antidiuretic activity, if compared to saline controls. However, this activity 
was higher in the animals bled without a tourniquet. (See Table 1). In another 
series of experiments, the antidiuretic potency of the blood from normal and 
adrenalectomized rats (15-30 days), was studied. In both groups, the tourniquet 
was used. Blood of adrenalectomized rats showed a greater urinary inhibition 
than that of normal animals. No difference was observed in the blood of normal 
animals receiving 1 % NaCl, compared to those drinking water. 


TABLE I 


Cumulative percentage of water load excreted (*) 


No | Blood | Minutes after blood injection 
animals | injected | 
| in ml | 30 60 90 120 
Rats with tourniquet ..... 5 |} 05 120+ 1.1 | 47.1+£19 | 673419 | 74.8 + 1.6 
Rats without tourniquet ..| 20 | 05 5.0 + 14 | 304 + 3.3 | 61.5 + 3.0 | 75.0 + 24 
Rats with tourniquet ..... | 9.1+24 | 45.1 + 5.1 | 586+ 4.3 | 62.3 + 5.0 
Rats without tourniquet .. | 6 | 1.0 02+ 0.3 | 194+ 3 $52+14 | 385+18 


Rats with tourniquet, drin- 
king 1% NaCl: 


| 20 | 0.5 

| 


| 14.7 + 1.7 | 52.0+28 | 700+ 2.0 | 758+ 1 
Adrenalectomized ........ i 05 | 46415 | 278 = 36 49.7 + 3.4 | 56.7 + 3.2 
| 
Saline 40 | 0.5-1.0 | 216+ 1.8 | 603+1.8 | 75.74 1.7 | 80.8 + 16 
(*) Mean + standard error. 
COMMENTS 


Dicker (1953), in rats anesthetized with ethanol found no antidiuretic acti- 
vity in blood. Similar results were observed by Giere (1954), in decapitated rats, 
and by Birnie (1950), in hypophysectomized rats. 

In the course of our experiments, some antidiuretic potency was always 
found. This effect cannot depend on pituitary secretion during bleeding, because 
the gland was isolated from the general circulation. Considering that other 
types of anesthesia produce a strong stimulation of the hypophysis (Dicker, 1953; 
Ginsburg, 1953; Giere, 1954) it would be possible that Avertin, the anesthesia 
used here, might have the same effect, as well. This would explain our positive 
results. 
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The greater antidiuretic activity obtained with the blood of adrenalectomized 
animals confirms the result reported by Birnie (1949). 
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MECHANISM OF THE EFFECT OF THYROXINE ON THE 
ADRENAL GLAND 


CARMEN GRADO, EpiItH DuBrock, and JAIME TALESNIK 


(Institute of Physiology and Department of Physiopathology, 
University of Chile, Medical School, Casilla 6510, 
Santiago de Chile) 


T has been shown that if thyroxine is given to adrenalectomized rats, a remar- 
kable increase in the severity of adrenal insufficiency is provoked and pre- 
mature death of the animals occur. Survival time depends on the dose of thy- 
roxine used and varies between 3 to 8 days; calorigenesis is diminished as a 
consequence of adrenalectomy and the thyroxine administration is not followed 
by an increase in oxygen consumption. 

The restitution of the metabolic response to thyroxine is obtained by subs- 
titution treatment with cortical extracts. Studying the “permissive” action of 
some corticosteroids (making use of Ingle’s expression) (1%: 29), it has been shown 
that very high doses of DCA are required by adrenalectomized animals to show 
a certain calorigenic response to thyroxine; on the other hand, with regard 
to the survival of these animals, the DCA showed rather poor effects (4). If 
cortisone is given instead, lengthening of the survival of adrenalectomized-thyro- 
xinized rats is obtained. The increase of survival time keeps certain relation with 
the amount of cortisone used. Moreover, the increased oxygen consumption 
induced by thyroxine is similar in these cases to that obtained in normal con- 
ditions (2) 14). 

The above mentioned experiments illustrate, once again, the importance 
of endocrine interrelations; in several instances the intimate relation of the 
thyroid activity with the functional state of the adrenal cortex has been empha- 
sized (#, 15, 16, 17, 20, 40), Thus, while in hyperthyroidism the adrenal cortex is 
hypertrophic, it shows involution in hypothyroidism. The histological appearance 
shows that the adrenal alterations affects mainly the zona fasciculata (44). When 
thyroxine is given, a depletion in ascorbic acid (AA) and adrenal cholesterol 
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is obtained so it is suggestive that the morphological changes are accompanied by 
functional modifications (1). 

In this paper, one of the possible mechanisms by which the thyroid hormone 
determines hypertrophy and probably, increase in the cortico-adrenal function 
was studied. Experiments were carried out on the effects of thyroxine in 
hypophysectomized rats; it was also intended to obtain information on the 
degree of cortical activity by measuring the level of AA in the adrenal 
gland. It is known that AA levels, as well as those of cholesterol, decrease 
when the adrenals are activated with ACTH (3%. 34). Moreover, the depletion 
of AA (7, 19, 23, 25, 26, 82, 38) and cholesterol (10 11, 21, 27,41) is observed in normal 
rats that are subjected to stress conditions; there are arguments suggesting that 
these functional changes are induced through an antero-pituitary mechanism 
since they fail to be observed in hypophysectomized animals (°: 2*: 25). 


METHODS 


Albino rats were used, the animals were kept at controlled temperature 
of about 26° C and fed ad libitum. 

The calorigenesis was followed by daily measurement of oxygen consumption 
in periods of 30 minutes using a closed circuit system (24). 

The results expressed as normal metabolic rate (NMR) will be referred to 
the oxygen consumption per 100 g of body weight measured at 28° C without 
previous food deprivation. 

Ascorbic acid determinations were made in: 

A) Female rats weighing 110-115 g which were injected subcutaneously with: 

1) 2%, thyroxine (DL-thyroxine, British Drug Houses) in alcaline saline 
solution. 

2) 2%, cortisone acetate in saline solution (*). 

B) Thyroidectomized female rats, with similar weight to the above men- 
tioned. Thyroidectomy was performed under ether anaesthesia. 


C) Hypophysectomized male rats, 120-125 g, treated in the same way as 
group A. Hypophysectomy (ether anaesthesia) was carried out according to 
Griffith and Farris’s technique (°) with a slight modification, using tracheotomy 
with hypodermic needle N° 16, which permits an easier operation, thus limiting 
danger of asphyxia or hemorrhage. Five per cent sugar was supplied with the 
water postoperatorily. Animals were allowed to recover for 48 hours before 
the injection of thyroxine or cortisone was started. The effectiveness of the 
hypophysectomy was controlled at the autopsy. The control animals were injected 
with equivalent volumes of saline solution as in groups injected with cortisone 
or thyroxine. 

The animals were killed by a blow on the head and bled by the abdominal 
aorta, the adrenals removed, separately weighed and the ascorbic acid was 
measured according to Sayers & Sayers and adaptation (35) of the Roe and Kuether 
method (3°). There was no significant difference between right and left glandular 
weights and their content in ascorbic acid, thus the results shown are the average 
value obtained from both glands. 


(*) The authors are indebted to Dr. H. Molitor from the Merck Institute for Therapeutic 
Research, Rahway, New Jersey, U.S.A., for his generous supply of Cortone Merck. 
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For the statistical analysis of the results the standard error of the mean 
was calculated from 


RESULTS 


Series J. Influence of thyroxine administration on the adrenal ascorbic acid 
content, 

Fig. N° 1 shows the metabolic rate response, weight changes and ascorbic 
acid of adrenal gland of animals killed at different intervals after daily treatment 
with 10 »g of thyroxine per gram of body weight. 


Ascorbic acid 


~ 


consumption 
weight 3 
eo 
ea 
PI20 ul Sabuoys % 


o 


o 
0, Consumpti 
2 
40- 
ed 

2207 
oc 
e 
© 


q gland weight 


H 2 4 6 8 10 12 14 16 18 20 22 24 Days 
Thyroxine 10 yg./g./daily 


Fic. 1.—Mean values of metabolic rate response and changes in adrenal gland weight and 
ascorbic acid content in rats treated with thyroxine. 


As it can be seen, the increased oxygen consumption starts about 24 hours 
after the beginning of the treatment, while the growth of the adrenal glands 
becomes evident only on the 5th or 6th day. On the other hand, the alterations 
in the ascorbic acid content are apparent only after 8 days, when the increased 
oxygen consumption reached about 65 % and the glands were nearly 50° over 
the initial weight. Afterwards, oxygen consumption and glandular weight 
continued to increase progressively while the ascorbic acid maintained the level 
reached on the 9th day. As a side line observation it was seen that at the 
end of the long thyroxine treatment the adrenals showed spotted hemorrhages. 

Thyroxine in doses of 10 »g/g body weight/day, was also given to 12 animals 
for 8 days in order to obtain more information about the time required to induce 
the fall of ascorbic acid. The ascorbic acid and glandular weight values ranged 
between the normals and the ones observed at the 9th day of treatment with 
thyroxine. The average ascorbic acid content was 380 + 63 mg/100 g and the 
mean glandular weight 15.05 + 4.0 mg/100 g. 
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The effects of thyroidectomy and thyroxine administration are shown in 
table 1. As said before, daily O, consumption determinations were carried out 
and it could be seen that animals injected with 15 yg/g/day raise their 
metabolism more rapidly than those receiving 10 or 5 y»g/g/day thus, on the 
7th day of treatment with 15 yg, the metabolism increased approximately 70 °%, 
while the group treated with 5 y»g/g/day took 12 days to reach a similar level. 
The decrease in ascorbic acid content of the adrenals reached similar values in 
the rats treated with 5, 10 or 15 »g/g/day of thyroxine. It is interesting to 
point out, nevertheless, that glandular hypertrophy is significantly greater 
in those animals receiving 5 ug per 12 days. 

On the other hand, while thyroidectomized animals showed a tendency to 
diminish their oxygen consumption, the adrenal gland’s weight kept within the 
normal range. However, the ascorbic acid content was significantly greater in 
the glands of the thyroidectomized animals than that of the corresponding 
controls. ‘These experiments favour the hypothesis that the thyroid hormone 
interacts with the adrenocortical activity. 

It has been shown that an extra supply of cortisone induces a decrease 
of the adreno-cortical activity; therefore investigations were carried out to see if 
cortical hyperfunction induced by thyroxine could be counteracted by means 
of simultaneous injections of cortisone. Results obtained are shown in table N? 1. 
It can be seen that cortisone supplied in daily doses of 2 and 4 mg for 9 days 
determines involution in the adrenal glandular size in proportion to the 
cortisone dose and an increase in the ascorbic acid content, which appears to 
be independent from the dose of cortisone used. It could be observed that when 
thyroxine (10 »g/g/day) was given together with cortisone, the increased oxygen 
consumption was similar to that of rats treated only with thyroxine. The size 
of the adrenal gland shows persistence of atrophy while ascorbic acid diminishes. 


ADRENAL WEIGHT ASCORBIC _ACID 
eee SEE 
TREATMENT = mg % mg % | 
Normal 12:4+10 Oo 
Thyroidectomized| 21 [+19 |-.44]11 7toe6l- 5-6 652 17 
ThyroxineliOug/g| 9 |- 9-764 |19-2t06+ 60 est 7/- 23 
7 |- 98170 35 26 
0 }+ 14 11-8 
Cortisone 
4mg| 9 64/+ 89| 762 39 3sotii|+ 11-9 
Thyroxine + + 
8 #55 11-3 14-8 
Gortisone | 4 9 168 | 83°07 33 


Taste 1.— Effects of thyroidectomy and thyroxine on the weight and ascorbic acid content 

of adrenal gland. Each group consisted of 10 rats except the normal that had 5 at the 7th 

day; 6 for 9 days; 5 for 12 days and 4 for 21 days. Since no differences were observed among 

the latter, the results for the adrenal weight and ascorbic acid for the control group are 
the mean values of all normals. 
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This is very evident if comparisons are done with values obtained from adrenal 
glands from rats treated only with cortisone; in fact, the level reached by the 
ascorbic acid content of the adrenals of rats treated with cortisone plus thyroxine 
was about 20% below that of the above mentioned controls. 

Series II, Influence of thyroxine in hypophysectomized rats. 

In order to study the mechanism by which the thyroid acts on the adreno- 
cortical activity, thyroxine (10 yg/g/day) was given to hypophysectomized rats. 

The body weight curve of hypophysectomized animals levels off while their 
oxygen consumption diminishes in about 30%. It was also verified, once more, 
that adreno-cortical ascorbic acid content decreases as involution of the gland 
occurs after hypophysectomy; gross examination shows the adrenals of a pale 
color and the fatty tissue that normally surrounds the gland had disappeared. 

40- 
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Fic. 2.—Action of thyroxine in hypophysectomized rats. Thyroxine treatment started at the 
arrow. Numbers over the symbols refer to the number of animals studied. (Discussed in text.) 


After the eleventh day of hypophysectomy, the glandular weight as well as the 
ascorbic acid were stabilized, facts that agree with what other authors have 
observed (® 41). 

Hypophysectomized animals injected with 10 y»g/g thyroxine daily, died 
between the 2nd and the 5th day after the treatment started. In Fig. 2 the 
percentage modification of oxygen consumption of hypophysectomized and 
thyroxinized-hypophysectomized rats are shown. It may be seen that under 
thyroxine the metabolic rate reaches the preoperatory level and in some cases 
higher values than the average normal metabolic level were obtained. In some 
cases it could be observed that some hours before death the oxygen consumption 
dropped to about 50 °% of its original value. The dotted lines in the graph show 
the premortal lowering of metabolism. 

Another group of hypophysectomized rats were injected simultaneously with 
thyroxine 10 yg/g body weight/day and cortisone 2 mg/rat/day. In these 
conditions the oxygen consumption rose quite similarly to that of normal animals 
treated with thyroxine. It should be emphasized the fact that hypophysec- 
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tomized rats treated with cortisone survive the action of thyroxine much longer 
than the animals that had no supplementary treatment with cortisone. 

The third group plotted in the graph corresponds to hypophysectomized 
rats treated only with 2 mg of cortisone daily; it is interesting to note that the 
animals’ lowered metabolic rate tends to approach to NML. 


DISCUSSION 


As mentioned above the increase in oxygen consumption induced by thy- 
roxine is not “permitted” when there is a shortage in adreno-cortical hormone; 
furthermore, the survival time of adrenalectomized animals is shortened by 
the thyroid hormone (1%). 

The lack of the adrenals can be replaced with cortical extracts or cortisone. 
It has also been shown that when experimental hyperthyroidism is in progress, 
a normal calorigenic answer and lengthened survival is obtained when adrena- 
lectomized rats are supplied with adequate amounts of cortisone (14). These 
experiments point towards an increase of the requirements in corticosteroids 
in experimental thyrotoxicosis. Greater requirements would be satisfied through 
an increment of the adreno-cortical activity; in favour of this last conclusion 
is the well known fact that adrenal hypertrophy is produced in hyperthyroidism 
while in hypothyroidism the opposite occurs (6 14, 19, 20, 22, 40, 44). On the other 
hand, the adrenal gland activity has been studied through its ascorbic acid and 
cholesterol content (1; 4%), These last indexes are of value when accompanied 
by other signs indicating adrenal cortex hyper or hypoactivity. 

The results shown in this paper are clear in pointing out that when there 
is increased oxygen consumption, giving evidence of the thyrotoxic state, there is 
an increase in the adrenal glandular size with diminished adrenal ascorbic acid 
concentration. In thyroidectomized rats the adrenal gland weight and ascorbic 
acid content were modified in an opposite direction in comparison with the 
former case. 

The hypertrophy of the adrenal glands induced by thyroxine treatment 
starts before any changes in ascorbic acid content are noticeable. The reduction 
in ascorbic acid reaches a steady level though the gland hypertrophy follows a 
parallel increase with the oxygen consumption induced by the thyroxine treat- 
ment. Different explanations could be given for the apparent disagreement 
between glandular growth and ascorbic acid reduction. Cortex adaptation to 
the new condition of increased hormone production demands could be con- 
sidered, as it has already been suggested (#1). If one considers the possibility 
that the adrenal cortex activation by thyroxine is accomplished through the 
pituitary, the possibility exist that the mediators acting on the adrenals may 
act independently on the structure and on the hormone secretion (1%). 

When thyroxine was given to hypophysectomized rats a response was obtained 
with increased oxygen consumption in quite a similar way as normal ones do. 
The acceleration of the metabolic rate in this condition, that has also been 
observed by others (°), raises the problem of the differences obtained when 
thyroxine is given to adrenalectomized animals. The failure of adrenalectomized 
rats to intensify their metabolism when given thyroxine has been clearly shown 
to be due to lack of the “permissive” action of the corticosteroids. 

The adrenal insufficiency induced in hypophysectomized animals is relatively 
balanced, as evidenced by the fact that survival is longer when compared with 
adrenalectomized animals. From this point of view, the main difference would 
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be then that the atrophy of the adrenal glands in hypophysectomy would leave 
enough gland tissue able to secrete reduced amounts of corticosteroids that 
are enough to keep these animals alive, as it has been shown for aldosterone 
and corticosterone in hypophysectomized rats (*®). The balance can be broken 
when there is an increase in requirements of cortical hormones and the produc- 
tion capacity of the adrenal cortex is surpassed with development of adrenal 
insufficiency and consequent death. This point of view is supported by the 
experiments where prolonged survival was obtained when cortisone was given 
to hypophysectomized rats treated with thyroxine. As already mentioned ('- 14) 
a similar protection with cortisone was obtained when this substance was given 
to adrenalectomized rats. 

No conclusions can be drawn from the ascorbic acid contents and glandular 
weight values found in hypophysectomized rats treated with thyroxine since these 
animals died before the 9th day of treatment; on the other hand, the adrenal 
cortical atrophy that follows hypophysectomy is accompanied by a drop in the 
ascorbic acid content and therefore this experiment does not admit the possibility 
of a clear cut interpretation. 

When cortisone is administered to normal rats, inhibition of the adrenal 
gland is obtained as it can be seen by the increase in ascorbic acid content and 
decreased size of the gland; very similar results were obtained as a consequence 
of thyroidectomy. Simultaneous supply of cortisone and thyroxine produces 
adrenal atrophy accompanied however by a drop in ascorbic acid content of 
the gland. Thus, when the increased demands for costicosteroids induced by 
thyroxine, are filled by exogenous cortisone, it seems that the antero-pituitary 
slows down its corticotrophic action. 

As already mentioned, the amount of cortisone given in these experiments 
could not prevent the ascorbic acid depletion when thyroxine was injected. The 
explanation for this phenomena could probably be found in the separation 
that seems to exist between citotrophic antero-pituitary action and the stimulating 
action on hormone production. The intricacy of the wa could be due to 
the competitive action of the stimulating and depressor effects of thyroxine and 
cortisone respectively on the antero-pituitary (*'). 

We acknowledge the help of Dr. Hodgson in revising the manuscript. 


SUMMARY 


Some mechanisms involved in the modification of the adrenal activity due to 
lack or excess of thyroid hormone, were studied in the rat. 

Thyroidectomy induces adrenal involution and an increase in the gland 
ascorbic acid concentration. On the other hand, thyroxine administration leads 
to adrenal hypertrophy and ascorbic acid depletion. 

When thyroxine is given to hypophysectomized animals, the oxygen con- 
sumption increases as in normal conditions but the rat’s survival is shorter, This 
latter effect can be counteracted by cortisone. 

Relatively high doses of cortisone produce adrenal atrophy and increase 
ascorbic acid concentration. When cortisone is administered together with 
thyroxine the gross morphological adrenal changes induced by the latter are 
not present. 

The results are discussed mainly from the viewpoint of endocrine inter- 
relationships. Emphasis is placed on the adaptation of the adrenal cortex to 
conditions of increased corticosteroids requirement. 
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